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REGIONAL CLIMATE CHANGE AND ITS
POSSIBLE EFFECTS ON RIVER RUNOFF IN
QIANTANG RIVER BASIN—PAST AND FUTURE
Xin Wen1, Guohua Fang1,*, Lei Zhou1 and Heshuai Qi1
1

College of Water Conservancy and Hydropower Engineering, Hohai University, 1 Xikang Rd., Nanjing 210098, Jiangsu, China

ABSTRACT

1. INTRODUCTION

This paper presents the historical changes in temperature, precipitation, evaporation and its possible effects on
runoff of Qiantang River Basin, and estimated their possible future regional variations using Bias Correction and
Spatial Disaggregation (BCSD) downscaled Coupled
Model Intercomparison Project phase 5 (CMIP5) projections under RCPs 2.6, 4.5 and 8.5, respectively. The results
confirm the increase of annual mean temperature and evaporation in the historical dataset, this upward trend is expected to continue and accelerate in the CMIP5 projections. The historical annual average precipitation fluctuates
with decreasing trend, whereas CMIP5 projections indicate
an opposite rise in the future. The drought-flood cycle is
relatively robust before 1970, but exhibits shorter transition time, stronger magnitude and higher occurrence frequency of extremes then, especially in the CMIP5 projections. The fluctuation is also indicated in the runoff with an
upward trend during 1961-2005. As for the future, the potential impacts assessment shows that the streamflow
would possibly experience the reduction in the first half of
21st century, and then a positive variation in the second
half. Furthermore, the spatial variation pattern of these four
variables was also discussed, those large sub-basin and important areas with the high possibility to experience notable climate change or extreme events were also pointed out.
In addition, the uncertainty stemming from climate mitigation scenario and the inter-model variability was identified
and explored. Generally, statistical positive changes are indicated for temperature, precipitation and evaporation ordered by the amount of radiative forcing under three RCP
scenarios, and the inter-model uncertainty grows with both
time and variation magnitude.

KEYWORDS: temperature, precipitation, evaporation, CMIP5
models, RCP scenario, BCSD downscaling

* Corresponding author

Climate change associated with global warming induced by the increase in carbon dioxide and other radiative
trace gases in the atmosphere have been confirmed in The
Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (AR5). As an essential component of
climate system, the global hydrological cycle change and
the further alteration in the magnitude and spatial-temporal
distribution of runoff are also expected, resulting in the increased flooding and drought, water quality and ecological
impairment, damage to infrastructure, and other negative
impacts to society.
Qiantang River, the largest basin of Zhejiang Province
in China, supports roughly 80 percent of local domestic,
industrial, agricultural and environmental water demands
and benefits over 20 million population. As one of the most
rapidly developing regions in China, the variation in climate and hydrological system may break the balance of local water circulation and energy circle, and even further
give rise to unforeseen changes in agriculture, environment, ecology, urbanization and some other social-economic system. To facilitate the adaptive management of
water resources to the evolution of climate change in the
future, it is vital to understand the implications of climate
change and evaluate its potential impacts on hydrology system of Qiantang River Basin.
To address the issue, the World Climate Research Programme (WCRP) develops global climate projections
through its Coupled Model Intercomparison Project
(CMIP) roughly every 5 to 7 years. The latest GCM projections from CMIP phase 5 (CMIP5) was released during
2012-2013, aiming to advance our knowledge of climate
variability and climate change based on previous version
CMIP phase 3 (CMIP3) [1]. Using observed data and future CMIP projections, some large-scale climate change
assessments have already covered the Qiantang River Basin area. Specifically, the warming trend has been confirmed in both 20th and 21st century over this area [2-5].
The upward trend is also detected in precipitation but with
less increasing rate and larger uncertainty [6-8]. As for
evaporation, the decreasing trend was exhibited in the sec-
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ond half of 20th century, whereas CMIP5 projections indicate an opposite rise in the 21st century across the basin [911].
Unfortunately, most of the aforementioned studies
were proposed in global-scale, since current general circulation models (GCMs) do not provide temperature, precipitation and evaporation projections at sufficiently high spatial resolution. The regional-scale climate change features
of the watershed, however, tend to be associated with high
uncertainty. Not only are there issues in accuracy of simulation at climate model grid scale in regions of strong topography, but also factors arising at the large scale that affect can have a significant impact on hydrological variables
at a local gridpoint level [12]. To bridge the gap of scale
mismatch over the Qiantang River Basin, it is necessary to
downscale the GCM outputs to a finer spatial resolution in
the climate change assessment for the future.
Dynamic downscaling and statistical downscaling are
the two general methods to produce fine-resolution meteorological variables from GCMs, and their adaptabilities
and limitations have been intensively explored and summarized already [13, 14]. Bias Correction and Spatial Disaggregation (BCSD), a relatively new statistical downscaling method developed by Wood et al. [15], has gained its
popularity in both climate change assessment and the hydrological response research in recent years [16-19].
On the basis of previous studies, the present research
attempts to propose the climate change and hydrological response assessments for Qiantang River Basin, including the
review of the historical trends and a more integrated assess-

ment of the climate change impacts in the future. Four climatic and hydrological variables are chosen, namely temperature, precipitation, evaporation and runoff. The assessment
is proposed using two views: basin integrated and spatially
distributed. The first view provides a general picture of climate change trend over the entire Qiantang River Basin,
while the second view addresses the spatial and temporal
variation pattern within the watershed. Besides, the uncertainties stemming from emission scenario diversity and inter-model variability are also discussed.

2. DATA AND RESEARCH AREA
2.1. Data
2.1.1. Historical observation data

Here, the historical temperature, precipitation, evaporation and runoff data are employed to analyze the historical climate change features of the basin and to downscale
GCM outputs to a finer resolution. Specifically, this study
uses Climatic Research Unit (CRU) Time-Series (TS) Version 3.21 of High Resolution Gridded Data of Month-bymonth Variation in Climate, which are based on the
monthly variation with high-resolution (0.5x0.5 degree)
grids from Jan. 1901 to Dec. 2005 [20]. The surface temperature, precipitation and evaporation data can be extracted directly from the CRU TS 3.21 dataset ensemble.
Observed runoff data are collected at the entry of Xin’an
River Reservoir and Fuchun River Reservoir on the daily
basis from Jan. 1959 to Dec. 2005, the location of these two
reservoirs are shown in Fig. 1.

FIGURE 1 - Location and main rivers of Qiantang River Basin

3881

© by PSP Volume 24 – No 11b. 2015

Fresenius Environmental Bulletin

TABLE 1 - WCRP-CMIP5 models in the study

CMIP5 model name
BCC-CSM1.1

Atmospheric resolution
Horizontal

Vertical

T42(128×64)

26

Institution (country)
Beijing Climate Center, China Meteorological Administration (China)

CanESM2

T63(128×64)

35

Canadian Centre for Climate Modelling and Analysis (Canada)

CCSM4

256x128

26

National Center for Atmospheric Research (United States)

CSIRO-Mk3.6.0

T63(192×96)

18

Commonwealth Scientific and Industrial Research Organization in collaboration with
the Queensland Climate Change Centre of Excellence (Australia)

GISS-E2-R

360x180

17

NASA Goddard Institute for Space Studies (United States)

HadGEM2-ES

192×144

38

Met Office Hadley Centre (United Kingdom)

INM-CM4

180×120

21

Institute for Numerical Mathematics (Russia)

IPSL-CM5A-LR

144×143

39

Institute Pierre-Simon Laplace (France)

MIROC5

T85(256×128)

56

Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science and Technology (Japan)

MPI-ESM-LR

T63(192×96)

47

Max-Planck-Institut für Meteorologie (Germany)

MRI-CGCM3

TL159(320×160)

48

Meteorological Research Institute (Japan)

2.1.2. CMIP5 outputs

3. METHODS

Table 1 lists all CMIP5 models employed in the present study together with their horizontal grid resolution,
vertical levels and institutions. They can be obtained from
http://cmip-pcmdi.llnl.gov/.
As for the future, we analyze the surface temperature,
24-h precipitation and evaporation for the period 2006 to
2099 under three Representative Concentration Pathways
(RCP) emission scenarios--RCP2.6, RCP4.5 and RCP8.5,
which are defined and named according to their total radiative forcing in 2100 relative to pre-industrial values (+2.6,
+4.5 and +8.5 W/m2, respectively). Also, the CMIP5 simulations during 1950-2005 are employed and downscaled
to compare to the CRU observational data.
2.2. Research area

Qiantang River, the largest basin of Zhejiang Province,
is located at the east coastal area of China (East: 117.66°121.82°, North: 28.07°-30.93°), with total length of 668 km
and drainage area of 55558 km2. Emanating from the mountainous area of Anhui and Jiangxi Provinces, two main tributaries--the Xin’an River and the Qu River join to form the
Fuchun River as previously shown in Fig. 1. Then, it passes
through Hangzhou City before flowing into the East China
Sea. Along the main reach, there are also some large branches
involving Fenshui River, Puyang River, Cao’e River etc.
Principal flow regulation capabilities within the basin
are restricted to the Xin’an River, provided by Xin’an
River Reservoir (Qiandao Lake), located approximately
170km southwest of Hangzhou City. Fuchun River Reservoir, roughly 60km downstream of Xin’an Reservoir, is essentially a run-of-river project on the main river, which depend largely upon inflows controlled by upstream impoundments. The other branches of Qiantang River Basin
are essentially unregulated.

3.1 BCSD downscaling

The BCSD downscaling method is performed to reproduce the regional climate features from the future GCM
simulations. Generally, BCSD method involves two procedures, namely the bias correction process using a quantile
mapping technique to identify and remove the bias from
CMIP5 projection datasets, and the spatial disaggregation
process converting the coarse bias-corrected GCM projections to the targeted downscaled resolution. The detailed
procedure has been outlined by Wood et al. [15, 21]. Here,
the CRU TS 3.21 dataset is used as the historical records to
remove the bias in GCM projections, all the CMIP5 projected temperature, precipitation and evaporation are downscaled to the grid scale of the CRU TS 3.21 dataset
(0.5°×0.5°) on the monthly basis. In addition, the modeling
outputs of each run is downscaled initially, then the multirun mean time-series of each downscaled CMIP5 model is
calculated and employed in the research.
3.2 Trend magnitudes

The trend magnitude

k ,

an estimator proposed by

Hirsch, et al. [22] , has been wildly used in climatic and
hydrological variation analysis to establish the trend magnitude [23], as defined in Eq. (1).

 k  median

X jk  X ik
j i

k  1,2,...q
(1)

Where
and
are the ith and jth elements in the
time-series dataset of month k, respectively, 1<i<j<n. The
slope estimator  k is the median over all possible combinations of pairs from month k for the whole dataset [24].
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4. RESULTS AND DISCUSSION
4.1. Historical climate change review
4.1.1. Temperature

Consistent with unequivocal global warming trend, the
annual average temperature over Qiantang River Basin exhibits an upward tendency at the rate around 0.076 /decade from 1901 to 2005, with statistically significant trend
(p < 0.01). As shown in Fig. 2a, the basin experiences a
relative warm decade since 1940, with the highest annual
average temperature anomaly 0.62 in 1946. Although entering a cooling phase after mid-century, it warms again in
the last three decades (1976-2005) with the increasing rate

0.22 /decade, which is almost three times higher than the
average increasing rate of 20th century. Besides from the
greenhouse effect, the “urban heat island” impacts and the
human activities may also accelerate the warming speed
considering the rapid urbanization process of east area
China since 1980 [25]. As for downscaled CMIP5 simulations, an increasing trend 0.10 /decade is detected during
1950 to 2005, which is comparable to the CRU observed
trend 0.08 /decade for the same period. Generally, the
downscaled CMIP5 simulated temperature agrees relatively well with the CRU observations during the second
half of 20th century.

FIGURE 2 - Annual and seasonal basin-averaged mean temperature variations for Qiantang River Watershed from 1901-2005. The CRU data
(1901-2005) and downscaled multi-ensemble mean CMIP5 simulations (1950-2005) are displayed in green and white histograms along with
their corresponding five-year running mean values in solid red and green curves, respectively. The CRU temperature from 1981-2000 is the
reference period. The rows (top to bottom) indicate annual (a), spring (b), summer(c), autumn (d), winter (e) anomalies, respectively.
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Figs. 2b-e display the time series of seasonal mean temperature anomalies across Qiantang River Basin from 1901
to 2005 relative to 1981-2000. In general, statistical significant trends are detected for spring (p < 0.01), autumn (p <
0.05) and winter (p < 0.01) with the corresponding increasing rate 0.097 /decade, 0.088 /decade and 0.076 /decade, respectively. The summer temperature change shows
the upward variation rate at 0.064 /decade, but without
significant trend. Compare to the annual change, the seasonal temperature anomalies indicate larger inter-annual
variation magnitude. Moreover, the accelerating warming
trend in annual mean temperature is detected again in the
seasonal cycle during last three decades. It is also worth

mentioning that most of the extreme warm and cold events
in four seasons occur around mid-20th century. As for seasonal temperature variation, the BCSD downscaled CMIP5
simulations show well agreement with CRU observations after 1970, while its performance is not quite sound from 1950
to 1970. Specifically, the seasonal variation trend (1950-2005)
exhibited by downscaled CMIP5 simulations (CRU data) are
0.09 /decade (0.12 /decade), 0. 09 /decade (0.04 /decade), 0.10 /decade (0.12 /decade) and 0.08 /decade
(0.14 /decade) for spring, summer, autumn and winter, respectively. Also, the downscaled CMIP5 winter temperature
indicates fluctuations with larger amplitude compare to
CRU observations.

FIGURE 3 - Annual and seasonal basin-averaged mean precipitation variations for Qiantang River Watershed from 1901-2005. The CRU data
(1901-2005) and downscaled multi-ensemble mean CMIP5 simulations (1950-2005) are displayed in green and white histograms along with
their corresponding five-year running mean values in solid red and green curves, respectively. The CRU precipitation from 1981-2000 is the
reference period. The rows (top to bottom) indicate annual (a), spring (b), summer(c), autumn (d), winter (e) anomalies, respectively.
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4.1.2. Precipitation

Fig. 3a presents the annual mean precipitation anomalies for Qiantang River Basin from 1901-2005 relative to
1981-2000. Generally, the decreasing trend is detected at
the rate of -7.177mm/decade across the basin. However,
the temporal variation tendency in rainfall is not as substantial as the temperature shows. Instead, some droughtflood cycle can be found throughout the research period. The
transition between drought and wet is relatively stable from
1901 to 1970, with the transition cycle of around 20 years.
In particular, the most significant fluctuation occurred at the
mid-20th century, peaking at 564.99mm in 1954 and bottoming at -507.93mm in 1978. After that, however, the
drought-wet cycle exhibits the variation with shorter
transition period, stronger magnitude and higher occurrence
frequency of extremes in the last three decades, indicating
an opposite increasing trend at the rate of 13.31 mm/decade.
Unlike temperature, the differences in between CRU
and downscaled CMIP5 data in annual precipitation are relatively significant, especially for the period 1960-1970.
Their decreasing trends are -5.963 mm/decade (CMIP5)
and -11.931 mm/decade (CRU) for the period 1950-2005,
respectively. However, their disparities decrease with
smaller magnitude after 1980.
Figs.3b-e show the seasonal precipitation anomalies
averaged over Qiantang River Basin from 1901-2005 relative to 1981-2000. As the flood period of Qiantang River
Basin, spring and summer reveal the largest variation magnitude and the most notable contribution to the annual rainfall change. Most of the extreme wet or dry years in history
can be attributed to the great increase or decrease in precipitation during these two seasons, such as 1911, 1954,
1993 and 1934, 1958, 1967, respectively. Also, only spring
rainfall shows significant variation trends (p<0.05) in the
significant test. By contrast, the precipitation changes in
autumn and winter remain at the less evident level. Another
notable change is the long dry summer from 1956 to 1991
with average rainfall anomaly of -77.88mm, causing huge
loss to the local industry and agriculture of central-east area
of China [26].
For spring and winter, the CRU rainfall data agrees relatively well with downscaled CMIP5 simulations. But in
summer, the multi-ensemble mean precipitation in CMIP5 is
obviously larger than CRU observations during 1960-1980,
which is also the main reason for the large difference in annual precipitation variation. As for the period 1950-2005, the
variation trends detected by downscaled CMIP5 (CRU) data
are -5.21 mm/decade (-12.70mm/decade), 1.43 mm/ decade
(5.78mm/decade), -1.73 mm/decade (-5.98mm/decade) and
-1.28 mm/decade (1.91mm/decade) for spring, summer, autumn and winter, respectively.
4.1.3. Evaporation

Fig. 4a exhibits the time series of annual mean evaporation anomalies for Qiantang River Basin from 1901-2005
relative to 1981-2000. Although pan evaporation paradox
has been confirmed in many observation records across the
world in recent 50 years[27], Qiantang River Basin reveals to

be an exception, with the evaporation anomaly indicating a
significant upward trend (p<0.01) at the rate of 11.98 mm/decade since 1950. The result also agrees with the large-scale
temporal variation pattern through central to southeast China
[28]. Another notable feature is the larger and disordered inter-annual variation in this period, compare to the first half of
20th century. During the last four years (2002-2005), the
evaporation change suddenly surges to the highest level in
history, peaking at 116.58mm in 2004, which is consistent
with the sharp rise in temperature during the corresponding
period. During 1950-2005, the multi-ensemble mean evaporation in downscaled CMIP5 indicate slower upward
trend at the rate of 9.02 mm/decade compare to the CRU
observations (11.98 mm/decade), but with relatively larger
variation magnitudes.
Figs. 4b-e show the seasonal evaporation changes averaged across Qiantang River Basin from 1901 to 2005 relative to 1981-2000. Generally, the evaporation anomalies
in four seasons share similar variation pattern, but with diverse amplitudes. Significant increasing trend is detected
in spring (p<0.01), autumn (p<0.05) and winter (p<0.01).
The aforementioned fluctuation in evaporation is mainly due
to the large inter-annual variation in the spring and summer,
whereas the mean evaporation anomalies in autumn and winter stay at a relatively low level. Another worth mentioning
feature is the continuous negative evaporation anomalies in
summer from 1955 to 1990. As for the period 1950-2005,
the variation trends detected by downscaled CMIP5 (CRU)
data are 2.25mm/decade (4.30mm/decade), 4.18 mm/ decade (2.55 mm/ decade), 1.76 mm/decade (3.11mm/decade) and 0.81 mm/decade (1.88mm/decade) for spring,
summer, autumn and winter, respectively.
4.1.4. Runoff

Fig. 5a shows the annual mean streamflow anomalies
from 1961 to 2005 relative to 1981-2000. Generally, the
runoff of Xin’an River and Fuchun River share similar variation trend, indicating the fluctuation with slight positive
trends at the rate of 17.01m3/s and 18.04 m3/s per decade,
respectively. During the observation period, two wetting
and drying phases can be recognized across the Qiantang
River Basin. The first wetting period is from 1961 to 1977
with runoff increasing rate at 128.70 m3/s and 156.72m3/s
per decade, while the second phase from 1983 to 1999 with
59.06m3/s and 121.77 m3/s per decade for the flow of Xin’an
River and Fuchun River, respectively. In comparison, the
drying phases possess shorter duration and higher variation
rate. The first drying phase is from 1978 to 1982 with the
decreasing rate at -181.22m3/s and -594.68 m3/s per decade,
while the second phase from 2000 to 2005 with the rate of 246.88m3/s and -194.30 m3/s for the runoff of Xin’an River
and Fuchun River, respectively. Besides, the extreme events
in runoff may give rise to the severe drought or flood disaster across the basin. The largest positive annual runoff
anomaly of Xin’an River is observed in 1999 (209.2m3/s),
while the driest year happens in 1978 (-202.7 m3/s). As for
Fuchun River, the wettest (driest) year is 1995 (1979),
with runoff anomaly 335.61m3/s (-387.11m3/s).
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FIGURE 4 - Annual and seasonal basin-averaged mean evaporation variations for Qiantang River Watershed from 1901-2005. The CRU data
(1901-2005) and downscaled multi-ensemble mean CMIP5 simulations (1950-2005) are displayed in green and white histograms along with
their corresponding five-year running mean values in solid red and green curves, respectively. The CRU evaporation from 1981-2000 is the
reference period. The rows (top to bottom) indicate annual (a), spring (b), summer(c), autumn (d), winter (e) anomalies, respectively.

Figs. 5b-e reveal the seasonal runoff change of Qiantang
River Basin from 1961 to 2005 relative to 1981-2000. Spring
and summer, the flood period of Qiantang River Basin as
previously discussed, show the greatest contribution to the
annual river flow change. Analogous to the precipitation,
runoff in these two seasons show similar variation pattern to
the annual runoff anomalies, but with larger variation magnitude. For most years, the runoff in summer exhibits more
notable change relative to spring, That is to say, the observed
relatively wet (dry) spring may indicate an even wetter
(drier) summer following in the same year. In comparison,
runoff anomalies in autumn and winter are not as evident as
them in the flood seasons, fluctuating with relatively flat up-

ward trend. Yet for all that, some unusual change in these
two seasons can be recognized still, especially in the recent
several decades. Note that the winter runoff of Fuchun
River experience the notable rise during the last decade in
historical dataset, peaking at 594.85m3/s, 319.51 m3/s and
412.18 m3/s in 1997, 2002 and 2004, respectively. This is
almost hundreds times higher than the average winter runoff anomalies (-5.21m3/s). That is, the possibilities of extreme wet events in traditional drought period also increases accompany with higher magnitude and frequency.
Most of these abnormal runoff changes are induced by the
notable variation in precipitation during the corresponding
period.
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FIGURE 5 - Annual and seasonal mean runoff anomalies of Qiantang River Basin from 1961-2005 relative to 1981-2000. Solid curve is corresponding five-year running mean runoff anomalies. The rows indicate annual (a), spring (b), summer(c), autumn (d), winter (e) anomalies
(from top to bottom), respectively.

4.2. Future climate change assessment

To reflect future climate change, the relative changes of
downscaled GCM future projections to CRU observations
are evaluated here since the bias between CMIP5 and CRU
data has been removed via BCSD downscaling technique.
4.2.1. Temperature

The historical warming trend continues into the 21st
century projected by CMIP5 with the magnitude of increase ordered by the amount of radiative forcing of RCP
scenarios throughout the domain considered.

As shown in Fig. 6, the Qiantang River Basin is expected to warm 1.86-2.56 by mid-century (2040-2059)
and 1.81 -4.69 by the end of 21st century (2080-2099)
with significant increasing trends (p<0.01). Also, the
warming speed would possibly accelerate to 0.0880.49 /decade, which is 1.16-6.45 times higher than the
20th century. Besides, the warmest year is projected to happen in 2055 (2.11 ), 2099 (2.82 ) and 2099 (5.36 ) under RCPs 2.6, 4.5 and8.5, respectively.
Apart from emission scenario diversity, the intermodel differences revel to be another dominant source of
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the uncertainty. As for Qiantang River Basin, the intermodel uncertainty grows with time, since the inter-model
spread during the second half of 21st century exhibits a
substantial increase compare to the first half. Also, the inter-model uncertainty grows with the magnitude of temperature anomalies, so the coincidence between inter-model
variability peaks and large projections is confirmed again
over Qiantang River Basin. Another notable feature is the
performance of HadGEM2-ES and INMCM4 models under RCP8.5, with temperature projections obviously higher

and lower than the other CMIP5 GCM outputs, respectively.
Fig. 7 displays the spatial variation of CMIP5 multiensemble mean temperature anomalies under the RCP2.6,
RCP4.5 and RCP8.5 of 2010-2029, 2040-2059 and 20802099 relative to 1981-2000. Generally, the warming trend
is confirmed for the entire basin, and the geographic distribution of warming is relatively robust throughout the 21st
century. Xin’an River Basin, locating at the northwest of

FIGURE 6 - Time series of annual temperature anomaly averaged over Qiantang River Basin from 2006 to 2099 relative to 1981-2000 (CRU)
in the CMIP5 experiments under RCP2.6, RCP4.5 and RCP8.5 (from top to bottom), respectively. The green dotted lines are individual projections of each CMIP5 model, the red solid lines indicate multi-model ensemble means, and the black solid lines are the linear trends. Shading
area indicates the multi-model ensemble range at 95% confidence level.
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FIGURE 7 - Multi-ensemble mean temperature anomalies (relative to 1981-2000 base period; ) of the CMIP5 model simulations under the
(left) RCP2.6, (middle) RCP4.5, and (right) RCP8.5 during (a) 2010-2029, (b) 2040-2059, and (c) 2080-2099.

Qiantang River Basin, shows the most evident warming
trend, with the temperature anomalies declining toward
southeast over the Qiantang River Basin. The downstream
regions and most of the southern area exhibit the least temperature rise, with the exception of upper Wuxi River locating at the southwest corner indicating an abnormal rise
in temperature anomaly.
4.2.2. Precipitation

Annual changes in precipitation (relative to the period
1981-2000) projected by CMIP5 models are presented in
Fig. 8. The historical fluctuation in precipitation also continues into the 21st century with an upward trend (p<0.01) at
the rate of 14.91-16.33 mm/decade across Qiantang River
Basin. Also, the drought-flood cycle exhibits shorter transition period, stronger magnitude and higher occurrence
frequency of extremes.
The positive correlation is suggested between the increasing rate of precipitation and the radiative forcing concentration, but not as sensitive as temperature. Also, the inter-model variability contributes to the uncertainty in
model-based projections. The one standard deviations of
the time-series rainfall datasets are 82.14 mm, 77.42 mm,
and 82.87 mm under RCPs 2.6, 4.5 and 8.5, respectively.
Note that the level of inter-model difference grows with the
magnitude of precipitation anomaly. That is, the extreme
wet or drought events might be underestimated in multiensemble mean precipitation and occur with an even stronger
intensity under global warming, which would bring more

difficulties and challenges to the flood control and water
supply management of the basin in the future [29].
Fig. 9 presents the spatial distribution of CMIP5 multiensemble mean rainfall anomalies under the RCPs 2.6, 4.5,
and 8.5 during 2010-2029, 2040-2059, and 2080-2099 relative to 1981-2000. Generally, the central-northwest region
appears to be the driest area, with the rainfall anomalies increasing toward southeast and northwest over Qiantang
River Basin, respectively. Hence, the upstream of Xin’an
River and Qu River are projected to see the greatest precipitation rise, especially the Xin’an River Reservoir is likely to
face more flood pressure in the future. During 2010-2029,
statistically negative changes are indicated for most of the
basin, except the southeast region showing a slight increase
of roughly 50mm/year. During 2040-2059 and 2080-2099,
the wetting trend is shown across the entire Basin following the aforementioned spatial variation pattern. The rainfall anomalies also increase with the growth of radiative
forcing concentration, with the exception of the precipitation of 2040-2059 and 2080-2099 under RCP4.5 exhibiting
larger variation relative to the corresponding period under
RCP8.5.
4.2.3. Evaporation

Fig. 10 shows the annual mean evaporation variation
projected by CMIP5 models across Qiantang River Basin
from 2006 to 2099, relative to the period 1981-2000. Not
surprisingly, the historical increasing trend in evaporation
also continues into the 21st century at the rate of 8.62-
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FIGURE 8 - Time series of annual precipitation anomaly averaged over Qiantang River Basin from 2006 to 2099 relative to 1981-2000 (CRU)
in the CMIP5 experiments under RCP2.6, RCP4.5 and RCP8.5 (from top to bottom), respectively. The green dotted lines are individual projections of each CMIP5 model, the red solid lines indicate multi-model ensemble means, and the black solid lines are the linear trends. Shading
area indicates the multi-model ensemble range at 95% confidence level.

FIGURE 9 - Multi-ensemble mean precipitation anomalies (relative to 1981-2000 base period; mm/year) of the CMIP5 model simulations
under the (left) RCP2.6, (middle) RCP4.5, and (right) RCP8.5 of (a) 2010-2029, (b)2040-2059, and (c) 2080-2099.

3890

© by PSP Volume 24 – No 11b. 2015

Fresenius Environmental Bulletin

FIGURE 10 - Time series of annual mean evaporation anomaly averaged over Qiantang River Basin from 2006 to 2099 relative to 1981-2000
(CRU) in the CMIP5 experiments under RCP2.6, RCP4.5 and RCP8.5 (from top to bottom), respectively. The green dotted lines are individual
projections of each CMIP5 model, the red solid lines indicate multi-model ensemble means, and the black solid lines are the linear trends.
Shading area indicates the multi-model ensemble range at 95% confidence level.

11.25 mm/decade with significant variation trend (p<0.01).
This is consistent with the positive variation trend in both
temperature and radiative forcing concentration -- two
dominant factors of evaporation.
Similar to the temperature, the evaporation anomalies
also increase from RCP2.6 to RCP8.5. The inter-model differences revel to be another dominant source of uncertainty. Although it is not quite obvious to differentiate each
model in Fig. 10, some individual GCMs still indicate the
abnormal evaporation projections. In particular, MRICGCM3 projected changes appear to be abnormally negative (-119.42mm), obviously lower than the multi-ensemble mean value of 77.62 mm, but still with upward trend
throughout the 21st century. By contrast, CSIRO-Mk3-6-0,
GISS-E2-R and MIROC5 projections are relatively larger
than the other CMIP5 model outputs, with the average
evaporation anomalies of 264.15mm, 166.58 mm and
181.54 mm, respectively.
Fig. 11 shows the geographical distribution of CMIP5
multi-ensemble mean evaporation anomalies under the

RCP2.6, RCP4.5, and RCP8.5 during 2010-2029, 20402059, and 2080-2099 relative to 1981-2000. The spatial
variation pattern of projected evaporation remains relatively stable, with the positive variation indicated for the
entire basin during 2040-2059 and 2080-2099, whereas the
central-southwest area shows the negative change during
2010-2029. Also, the least increase in evaporation is indicated along the main reach of Qu River, whereas the east
coastal area shows the most notable rise. The lower reach
of the Qiantang River, in particular, indicates a very significant increase, which is largely due to the differences between evaporation from land and sea in GCM projections.
Besides, the spatial distribution of evaporation anomalies
fails to show notable change as the increase of radiative
forcing concentration.
4.2.4. Potential impacts on the runoff

Hydrological cycle changes are projected to occur in
the unequivocal warming climate, but no uniform variation
trend is detected across the world. As for Qiantang River
Basin, several coupling climatic factors contribute to the
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FIGURE 11 - Multi-ensemble mean evaporation anomalies (relative to 1981-2000 base period; mm/year) of the CMIP5 model simulations
under the (left) RCP2.6, (middle) RCP4.5, and (right) RCP8.5 of (a) 2010-2029, (b) 2040-2059, and (c) 2080-2099.

temporal and spatial variation of runoff, such as precipitation, evaporation, temperature, wind, sea level etc. [30].
However, some regional-scale projections like soil moisture still remain relatively uncertain compared to those
dominant variables such as precipitation or evaporation.
Here, the potential impact of climate change on the runoff
for the future are discussed mainly based on the integrated
analysis of CMIP5 projected temperature, precipitation and
evaporation.
During the first half of 21st century, the drought is expected to occur across the entire basin due to the decreased
rainfall coupled with increased temperature and evaporation, especially for the northern and central regions like
Xin’an River Basin, Fenshui River Basin, and the lower
reach of Qiantang River. As the rise in carbon dioxide and
other radiative trace gases, the drought degree might be alleviated due to the increase of precipitation minus evaporation, especially for the southwest area like the upstream
of Qu River and Chentan River, where may experience
heavier precipitation than the end of 20th century.
During the mid-21st century, Qiantang River Basin
generally indicates a slight wetting trend but varies from
region to region. Specifically, the southwest area would
possibly become even wetter, and the expansion of wet region is expected to embrace the entire south side of Qu
River, Jinhua River Basin, Dongyang River Basin, Upper
Puyang River Basin, and Cao’e River Basin. But the un-

certainty stemming from the emission scenario might have
a greater impact on the runoff of central area. Following
the precipitation variation pattern, the downstream of
Xin’an River and the regions along the lower Qiantang
River may experience the rise in runoff from RCP2.5 to
RCP4.5 and then the reduction from RCP4.5 to RCP8.5, as
the increase of radiative forcing concentration.
At the end of 21st century, the positive change in runoff is expected to continue across the Qiantang River Basin. As the radiative forcing increases from RCP2.6 to
RCP8.5, the upstream of Xin’an River, Wuxi River and
Wuyi River, locating at the northwest and southern area,
are likely to see even wetter condition, whereas drying is
expected to occur at the downstream of Qiantang River
with similar precipitation magnitude but higher evaporation rate.

5. CONCLUSIONS
The paper presented a regional, multivariable climate
change assessments for Qiantang River Basin, including
the review of historical temperature, precipitation, evaporation and runoff changes using both CRU gridded dataset
and observed streamflow data, and the assessment of their
possible future changes based on BCSD downscaled CMIP5
projections. The assessment is proposed using two views:
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basin integrated, spatially and temporally distributed. For
those model-based predictions, the uncertainties stemming
from multi-model discrepancies and RCP scenario diversity are also discussed.
The results from this research confirm the warming
trend (0.076 /decade) across Qiantang River Basin during 1901-2005, with statistical positive changes indicating
for all seasons. The warming is expected to accelerate in
the 21st century by roughly 10%-60% with relatively robust spatial pattern. The northwest area shows the most evident warming tendency, with temperature anomaly declining toward southeast over the Qiantang River Basin.
The annual average precipitation fluctuates with a slight
decreasing trend of -7.177mm/decade during 1901-2005,
whereas CMIP5 projections indicate an opposite rise at
roughly 14.91-16.33mm/decade from 2006 to 2099 across
the basin. The drought-flood cycle is relatively stable from
1901 to 1970, but exhibits the shorter transition time, stronger
amplitude and higher occurrence frequency of extremes after
then, especially in the CMIP5 projections. Spring and summer reveal the largest variation magnitude and the most notable contribution to the annual rainfall change in the historical datasets. The central-northwest region appears to be
the driest area, with the rainfall anomalies increasing toward southeast and northwest over the basin, respectively.
In terms of evaporation, an upward trend is indicated in
the historical dataset at the rate of 4.19mm/decade (19012005), and accelerate to 8.62-11.25mm/decade in CMIP5
projections (2006-2099). The seasonal evaporation anomalies are very similar to the annual variation pattern in historical dataset, while summer has the largest contribution
to the annual change. As for geographical variation pattern,
the central-southwest area indicates the least evaporation
variation, whereas the east coastal area shows the most evident increase.
The runoff of Qiantang River Basin fluctuates with
slight positive trend at the rate of 17.01m3/s per decade
(Xin’an River) and 18.04 m3/s per decade (Fuchun River)
during 1961-2005, respectively. Closely related to the rainfall, the wet-drought cycle is also evident in runoff, but the
drying phases possess shorter duration and higher variation
rate. Spring and summer are the flood period of Qiantang
River Basin, not surprisingly, the greatest contribution to
the annual runoff change are shown in these two seasons.
As for the future, the drought is expected to occur during
the first half of 21st century, and then the basin will possibly experience the wet conditions until the end of 21st century, especially for the northwest and southern area as the
upstream of Xin’an River, Wuxi River and Wuyi River.
The climate mitigation scenario and the inter-model
variability are identified as two dominant sources of uncertainty in CMIP5 projections. Generally, statistical positive
changes are indicated for temperature, precipitation and
evaporation ordered by the amount of radiative forcing of
three RCP scenarios. Among them, the temperature shows
the most notable sensitivity to the emission scenario. The
spatial variation pattern of these three variables remains

relatively stable as the evolution of radiative forcing, with
the exception of the precipitation of upper Qiantang River
indicating an unusual increase under RCPs 4.5 and 8.5 during the mid-21st century. On the other hand, the inter-model
uncertainty generally grows with both time and variation
magnitude. Precipitation is associated with the largest intermodel diversity, so the extreme events in precipitation projected by CMIP5 might be underestimated and occur with an
even stronger intensity under global warming.
Although the climate change features of Qiantang River
Basin have been explored and summarized already, some
uncertainties stemming from the historical data, GCM projections and runoff still remains as challenges for the further
understanding of climate change implications and the adaptive management in the future. Specifically, the bias between
CRU observations and CMIP5 projected temperature, rainfall and evaporation data can hardly be neglected. As for
model-based predictions, some general circulation models
fail to integrate key regional feedback processes involving
underlying surface, which may undermine the reliability of
aforementioned findings. Furthermore, BCSD is not a perfect statistical downscaling methodology due to some premise assumptions such as the same GCM bias structure during
the 20th- and 21st-century simulations or the uncertainty of
extrapolation methods in the quantile mapping process. In
terms of the potential impact on the runoff, identifying the
in-depth interactions and mechanisms between climate
change, human management, socio-economic development
and the impact on hydrology still remains a challenge. As a
possible solution, the distributed hydrological model coupling reservoir simulation module can be further explored to
produce the runoff predictions at the quantative level, and
some other variables like soil moisture or ground water in
the water cycle can also be incorporated in the possible extensions of this research.
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REQUIREMENTS AND EFFECTS OF
DRIP IRRIGATION OF MID-EARLY POTATO
ON A VERY LIGHT SOIL IN MODERATE CLIMATE
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ABSTRACT
The purpose of the study was to determine the needs
and the results of the surface drip irrigation for mediumearly potato crop grown on the very light soil in moderate
climate in the Centre of Poland. Field experiments were
carried out in 2008-2010 on the soil of the weak rye complex in Kuyavian Pomeranian province. Nitrogen fertilization was uniform (120 kg N·ha-1) on the all plots of experiment. The field water consumption (FWC) of the potato
crop in the period of irrigation (June-August) ranged from
213 to 236 mm in the years of the study. Crop coefficients
(kc) calculated on the base of the FWC for medium-early
potato crop equalled 0.5 for June and 0.7 for July and August for Grabarczyk formula, and 0.4 for June and 0.6 for
July and August for HargreavesDA formula, respectively.
Water needs in the period of irrigation (ETp) of the dripirrigated potato crop – calculated with the use of crop coefficients (kc) and reducing coefficients (kr) – amounted
212 mm and 214 mm, for Grabarczyk and HargreavesDA formula, respectively. Drip irrigation significantly increased the
marketable potato yields from 17.4 to 36.3 t·ha-1 (109 %), the
weight of a tuber and the number of tubers per 1 plant. Fertigation of the nitrogen fertilizer with drip system increased
potato crop by 5.9 t·ha-1 (25 %). Irrigation water use efficiency increased from 171 kg·ha-1·mm-1 (drip irrigation
and broadcasting of nitrogen fertilizer) to 284 kg·ha-1·mm-1
(drip irrigation and fertigation of nitrogen fertilizer).
KEYWORDS: potato, drip irrigation, nitrogen fertigation, water
needs, crop coefficients

1. INTRODUCTION
An increasing role of water-saving irrigation systems,
observed over the recent years, results from the existing requirement of irrigation of many crops during precipitation
* Corresponding author

deficit periods when exposed to limited resources of disposable waters [1-5]. Resource-saving drip irrigation system, due to its advantages, is perfect for the irrigation of
crops in rows, at present applied in field orchard growing
[6-8] and vegetable crops growing [9-11]. However, there
have been examples of an application of drip system in agricultural crops, e.g. potato [12-15].
Due to the fact that the greatest production effectiveness of irrigation is ensured on poor soils located in the regions with low precipitation, the drip system could be applied in central Poland (the Great Valleys) which is mostly
referred to water deficit areas [16-18]. Plant production on
light soils is limited to their unfavourable water properties:
excessive permeability, poor water absorption potential,
short-term reserves of water easily available to plants, fast
soil drying and, as compared with average and heavy soils,
more frequent, lasting longer, and thus semi-droughts more
dangerous for plants. Those water properties lower the
yields and they result in their large fluctuations. A negative
effect of unfavourable water properties of light soils on
plant production is bigger with more intensive plants
grown in those soils [19, 20].
The aim of the present research was to determine the
requirements and effects of drip irrigation of mid-early potato on very light soil in moderate climate, showing high
irrigation requirements.

2. MATERIALS AND METHODS
2.1 Experimental site

The research was performed over 2008-2010 in Kruszyn
Krajeński in the vicinity of Bydgoszcz. Strict field experiments were carried out on the soil classified as the 5th soil
valuation class (poor rye complex). It was Phaeozem
formed from alluvial sand, representing subtype Cambic
Phaeozem. The soil showed very low capacity for soil water retention. The content of water available to plants
amounted 54 mm, including easily available water 32 mm.
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The mid-early ‘Vineta’ cultivar was tested. It was set up as
a two-factor experiment, using the split-plot design, in four
reps. The first order factor was made up of drip irrigation
applied at two variants: O – control treatments (without irrigation), K – drip irrigation treatments. The second order
factor was made up by the method of nitrogen fertiliser
feeding: P – nitrogen fertilisation by broadcasting, F – nitrogen fertilisation by drip fertigation.
2.2 Experimental design

The area of a single plot for harvest was 11.25 m2. Nitrogen fertilisation was the same for all the experimental
variants and it was 120 kg N·ha-1. It was applied in a form of
ammonium nitrate as follows, at three rates: 40 kg N·ha-1 by
broadcasting in all the plots (prior to emergence), to fertilisation – two rates 40 kg N·ha-1 each in a broadcasting form
(on plots P) or liquid (on plots F) at the end of June and in
mid-July. Drip nitrogen fertigation, namely feeding nitrogen in a liquid form using the irrigation network, was applied using proportional mixing feeders. Applied in spring,
before the soil treatment with the combined cultivator; phosphorus-potassium fertilisation was the same for the entire experiment and it was 100 kg P·ha-1 as well as 150 kg K·ha-1.
Potato was grown using the full rate of FYM introduced into
soil in autumn.
Surface drip irrigation was performed using ‘T-Tape’
linear drip, with 20 cm between the emitters and the expenditure of about 5 l·m-1. Irrigation procedure followed
the indications of tensiometers, not allowing for a decrease
in the soil water potential below –30 kPa [13].
2.3 Water requirements estimation

Potato water requirements were determined for respective decades of the irrigation period (June 1 – August 31).
Reference evapotranspiration ETo was determined using two
models: the Grabarczyk model [21] and the Hargreaves
model modified by Droogers & Allen [22]. The potential

evapotranspiration of drip-irrigated potato ETp was calculated by using coefficients kc as well as reduction coefficients kr, assumed based on the use of the area by the plants,
according to Freeman & Garzoli [23]. Investigating the
production effects of drip irrigation, the following were determined: the commercial tuber yield size (t·ha-1), tuber
weight (g), number of tubers per plant (pieces) and the effectiveness of water net and gross (kg·ha-1·mm-1) as well
as the effectiveness of nitrogen fertilisation (kg·ha-1) depending on the nitrogen feeding form.
2.4 Weather conditions

Weather conditions showed a high variation in respective vegetation periods (Figs 1-3). Dry periods, when the
climatic diagram precipitation curve is found below the
temperature curve, occurred, in fact, each month of the irrigation period (June-August), each year. The longer ones
occurred in May and June 2008, in May and August 2009
as well as in June and July 2010.

3. RESULTS AND DISCUSSION
3.1 Irrigation needs and water requirements of potato

Potato irrigation period, mean for three research years,
started on July 6 and ended on August 21 and lasted, on
average, 47 days (Table 1). The shortest, 43 days only, irrigation was performed in the second year of research. In
the irrigation period an average of 11 single rates were administered. The three-research-year-average seasonal irrigation norm (sum of single rates) was 83 m, falling within, depending on the precipitation pattern, the range from 66.5 mm
in 2008 to 101 mm in 2010.
In the experiments with mid-early potato [24] sprinkler
irrigation performed on the same object over 2005-2007,
seasonal irrigation rates, (provided also only in two months;

FIGURE 1 - Climatic diagram for meteorological conditions of the field experiment in the vegetation period (IV-IX) 2008
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FIGURE 2 - Climatic diagram for meteorological conditions of the field experiment in the vegetation period (IV-IX) 2009

FIGURE 3 - Climatic diagram for meteorological conditions of the field experiment in the vegetation period (IV-IX) 2010

TABLE 1 - Characteristics of irrigation periods of potato in particular vegetation seasons
Year
2008
2009
2010
Mean

Since
3.07
15.07
29.06
6.07

Irrigation period
To
19.08
26.08
16.08
21.08

No. of days
48
43
49
47

July and August) fell within, depending on the precipitation
distribution, the range from 40 mm (2007) to 170 mm (2005)
and three-season average was 120 mm. it shows that drip irrigation can ensure maintaining optimal soil moisture when
exposed to lower rates during the season than sprinkler irri-

Irrigation dose
No. of single doses
Seasonal dose [mm]
11
66.5
11
82.0
12
101.0
11
83.0

gation. It must be explained that a low norm of sprinkler irrigation in 2007 was mostly due to the amount and the distribution of precipitation (total precipitation over 3 months
of the irrigation period was then: 103 mm in June, 111 mm
in July and 59 mm in August).
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The amount of water used for drip irrigation of potato
in the present research well corresponds to the findings reported by Nowak [25, 26]; according to that author, the
greatest precipitation deficit for early cultivars occurs just
in the belt of the Great Valleys and in dry years it ranges
from 105 to 120 mm.
The highest daily values of the field water consumption
by irrigation using the drip system for potato plant (over 3
mm) occurred in July (Fig. 4). Analysing the other two
months of the irrigation period, one can see that in June the
plants consumed less water than in August. For comparison,
in the 2005-2007 research in the same field of the experiments with potato sprinkler irrigation of ‘Dorota’, ‘Gracja’
and ‘Orlik’ potato cultivars [24], daily water requirements
(calculated as optimal precipitation with the Klatta method)
average for research years was in June 3.2 mm and in July
and August 2.6 mm. The differences could have been due to
a different method of defining water requirements and a different weather pattern over the research period.
The values of empirical plant coefficients kc determined for the Grabarczyk model were higher than those
calculated for the Hargreaves formula modified by
Droogers and Allen (Table 2). It must directly due to the
fact that the values of reference evapotranspiration ETo defined using the Grabarczyk formula are lower than those
calculated with the Hargreaves model modified by
Droogers and Allen [22].
TABLE 2 - Crop coefficients kc for months of irrigation period for
calculation of medium-early potatoes crop evapotranspiration in central Poland according to Grabarczyk’s and Hargreaves DA’s formulas
ETo formula

kc for months of irrigation period
VII
VIII
0.7
0.7
0.6
0.6

TABLE 3 - Correction coefficients kr acc. Freeman and Garzoli for
decades and months of the irrigation period, to computing crop evapotranspiration for medium-early potatoes in central Poland, at the
limited wetting area (drip irrigation) – own preparation
Decades
VI
0.57
0.80
0.85

I
II
III

Months of irrigation period
VII
0.9
1.0
1.0

3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0
VI

VIII
1.0
1.0
1.0

The analysis of the pattern of accumulated decade water requirements of potato shows that the values of those
requirements estimated with the Grabarczyk and HargreavesDA model were very similar to each other (Fig. 5).
The water requirements of potato treated with drip irrigation from June 1 to August 31 were 212 mm applying the
Grabarczyk model and 214 mm – the HargreavesDA model.
At the same time one can see that indirectly determined, by
calculating reference evapotranspiration and the use of
plant coefficients kr – water requirements, both in the first
and in the second model, were slightly lower than those
determined directly, based on a field water consumption
(224 mm). The water requirements of mid-early potato
(calculated as optimal precipitation according to Klatt) in
the research, quoted already, of 2005-2007 [24] were for
the June-August period – 256 mm, ranging for respective
seasons from 239 mm to 261 mm.

FWC

mm

Grabarczyk
HargreavesDA

VI
0.5
0.4

Table 3 provides reduction coefficients (kr) for successive irrigation period decades determined based on the potato plants observations and measurements performed in
successive vegetation seasons in the present experiment.
The data shows clearly that, according to the assumptions
made by Freeman and Garzoli, the value of coefficient kr
increases in successive decades of potato vegetation along
with an increase in the degree of the area being covered
with plants [23].

VII

VIII

Months
Mean

Min

Max

FIGURE 4 - Daily values of the field water consumption in successive months of the irrigation period
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2
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ETpG

7

8

9

ETpHDA

FIGURE 5 - Cumulated water needs in successive decades of the irrigation period of potato determined directly and acc. to Grabarczyk’s and
Hargreaves DA’s formulas (in the period 2008-2010)

TABLE 4 - Marketable yield of potato in the years 2008-2010 (t·ha-1)
Irrigation (I)
O
K

O
K
P
F

Fertilization (II)
P
F
P
F

Years
2008
2009
10.7
32.1
9.6
30.7
35.1
34.9
57.1
42.3
Influence of irrigation
10.1
31.4
46.1
38.6
Influence of fertilization
22.9
33.5
33.3
36.5

Mean
2010
7.5
13.7
22.9
25.5

16.8
18.0
31.0
41.6

10.6
24.2

17.4
36.3

15,2
19,6

23.9
29.8

LSD0,05
I
4.047
2.999
2.920
8.242
II
4.044
2.804
2.647
2.133
Interaction
II/I
5.724
3.966
ns
4.054
I/II
5.675
4.071
ns
8.725
O – control (without irrigation), K – drip irrigation, P – nitrogen fertilization broadcasting, F – nitrogen fertigation

The explanations of the differences, lower ETp values,
must be found both in the weather pattern (especially temperature conditions) and in the fact that the present research
considered, besides other ETo formulae, also reduction coefficients (kr) allowing for referring the requirements defined
for microirrigation, in that case – the drip system [23].
3.2 Potato yielding

Drip irrigation, on average for the research period, significantly increased the commercial yield of potato tubers
from the level of 17.4 to 36.3 t·ha-1; the yield increase being
18.9 t·ha-1 (109 %) (Table 4).
The greatest yield increase (36.0 t·ha-1 namely 356 %)
was due to irrigation in the first research year, and the lowest (7.2 t·ha-1 namely 23 %) – in the second one.
Supplying the plants with nitrogen in a liquid form
through the irrigation network, namely as a result of fertiga-

tion, average for the research years, increased the commercial tuber yield by 5.9 t·ha-1 (by 25 %). The greatest yield
increase thanks to fertigation (10.4 t·ha-1 namely 45 %) was
reported in the first research year, the lowest (3.0 t·ha-1
namely 9 %) – in the second research season.
There was recorded a significant interaction between
drip irrigation and fertigation in developing the commercial tuber yield. The highest yield, of the four experimental
variants, was noted on plots KF and on average in the threeyear period investigated it was 41.6 t·ha-1. To compare, in
the mid-early ‘Triada’ cultivar potato drip irrigation experiment performed in The Plant Breeding and Acclimatization Institute (IHAR) - National Research Institute (Poland) [27], the yield on the control plots (without irrigation
and without FYM, namely organic nitrogen and without
mineral nitrogen) was 29.4 t·ha-1 and it was increasing up
to 55.4 t·ha-1 on the plots with drip irrigation, FYM and
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nitrogen fertigation. The yield increase was thus 26 t·ha-1
(88 %).
In other research adequately-performed drip irrigation
and fertigation with nitrogen made it possible to produce
‘Owacja’ early potato cultivar yield similar to 30 t·ha-1 on
the 70th day after planting (DAP) and about 50 t·ha-1 after
the end of vegetation, 103 DAP [13].
Drip irrigation significantly increased the weight of a
single tuber (Table 5). The tubers of irrigated plants, average in the period investigated, were 58.5 g (126 %) heavier
from those collected from the non-irrigated plots.
Although the second of the factors investigated, fertigation, did not show a significant effect on the tuber
plumpness, however, in each year they demonstrated a
higher weight from the tubers collected in the plants fertilised by broadcasting. Neither was there reported a significant interaction between the factors on the tuber weight.

However, there was a clear tendency for the highest tuber
weight in the KF variant plants.
Both factors; drip irrigation and the nitrogen fertiliser
application method, significantly increased the number of
tubers per plant (Table 6). There was found no significant
interaction between those factors in affecting the said potato yield index. However, the greatest number of tubers
was reported in the drip-irrigated plants where the fertiliser
was administered in a liquid form.
3.3 Unitary effectiveness of water and nitrogen

The productivity of 1 mm of water from precipitation
and irrigation (gross unitary water effectiveness) was for the
3 research years, on average for nitrogen fertilisation variants, 118 kg·ha-1 (Table 7). Under the conditions of feeding
the plants with nitrogen in a liquid form (fertigation) the value
of that index was highest and it was 135 kg·ha-1·mm-1.

TABLE 5 - The weight of a tuber, on the average for 2008-2010 (g)
Irrigation (I)
O
K

Fertilization (II)
P
F
P
F

O
K
P
F

Years
2008
2009
27.4
89.8
25.6
76.8
101.4
109.1
131.2
126.6
Influence of irrigation
26.5
83.3
116.3
117.8
Influence of fertilization
64.4
99.4
78.4
101.7

Mean
2010
23.9
35.6
77.4
84.2

47.0
46.0
96.0
114.0

29.7
80.8

46.5
105.0

50.6
59.9

71.5
80.0

LSD0,05
I
32.112
II
ns
Interaction
II/I
ns
I/II
ns
O – control (without irrigation), K – drip irrigation, P – nitrogen fertilization broadcasting, F – nitrogen fertigation

TABLE 6 - The number of tubers from a plant, mean for 2008-2010 (pcs)
Irrigation (I)
O
K

O
K
P
F

Fertilization (II)
P
F
P
F

Years
2008
2009
9
17
12
22
16
19
19
18
Influence of irrigation
10.5
19.5
17.5
18.5
Influence of fertilization
12.5
18.0
15.5
20.0

Mean
2010
10
14
15
16

12
16
17
18

12.0
15.5

14.0
17.5

12.5
15.0

14.5
17.0

LSD0,05
I
2.082
II
1,792
Interaction
II/I
ns
I/II
ns
O – control (without irrigation), K – drip irrigation, P – nitrogen fertilization broadcasting, F – nitrogen fertigation
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TABLE 7 - Efficiency of water use, mean of the years 2008-2010
Specification

-1

-1

Water use efficiency (kg·ha ·mm )
Brutto
Netto
KP
101
171
KF
135
284
K
118
228
KP- drip irrigation + nitrogen fertilization broadcasting, KF – drip irrigation + nitrogen fertigation, K – drip irrigation,

The productivity of 1 mm of irrigation water (net unitary
water effectiveness) was, in the last 3 research years, on average for both variants of fertilisation 228 kg·ha-1. Administering nitrogen fertiliser applying fertigation increased the
net unitary water effectiveness from 171 to 284 kg·ha-1·mm-1.
For the purpose of comparison, a unitary water effectiveness in drip irrigation of ‘Triada’ cultivar potato was
232 kg·ha-1·mm-1 [27].
The productivity of 1 kg of nitrogen depending on the
irrigation and fertiliser and the method of administering the
fertiliser (by broadcasting or in a liquid form) are presented
in Table 8. The unitary nitrogen effectiveness, average for
fertilisation variants in the three-year research period, was
145 kg·ha-1 on the control plots (without fertigation) and it
was increasing up to 302 kg·ha-1 on the irrigated plots.
When the conditions of drip irrigation, the unitary nitrogen
productivity was 258 kg·ha-1 on the plots fertilised with nitrogen by broadcasting, however, it was increasing up to
347 kg·ha-1 when ammonium nitrate was administered in a
liquid form applying the drip line.
TABLE 8 - Efficiency of nitrogen use, mean of the years 2008-2010
Nitrogen use efficiency (kg·ha-1·kg N-1)
O
K
P
140
258
F
150
347
Mean
145
302
O – control (without irrigation), K – drip irrigation, P – nitrogen fertilization broadcasting, F – nitrogen fertigation
Specification

of the potato treated with drip irrigation from June 1 to
August 31 was 212 mm using the Grabarczyk model
and 214 mm – the HargreavesDA model.
4. Drip irrigation, average for the research period, significantly increased the commercial yield of potato tuber
from 17.4 to 36.3 t·ha-1 namely by 18.9 t·ha-1 (by 109 %).
5. Feeding the plants with nitrogen fertiliser in a liquid
form applying fertigation, increased the commercial tuber yield by 5.9 t·ha-1 (by 25 %).
6. There was reported a significant interaction between
drip irrigation and fertigation in affecting the commercial tuber yield. The average three- year yield under
drip irrigation with nitrogen fertigation was 41.6 t·ha-1.
7. Excessive drip irrigation increased the tuber plumpness
and their number per plant. Both those indices of potato
yielding were highest on the plots irrigated using the
drip system with nitrogen fertigation.
8. The gross unitary water effectiveness was increasing
from 101 kg·ha-1·mm-1 with traditional progressive application of nitrogen fertiliser to 135 kg·ha-1·mm-1 with
fertigation.
9. The net unitary water effectiveness was increasing
from 171 kg·ha-1·mm-1 with broadcasting the nitrogen
fertiliser to 284 kg·ha-1·mm-1 with fertigation.
10. The productivity of 1 kg of nitrogen applied in a broadcasting form was 140 kg·ha-1 on the non-irrigated plots
and 258 kg·ha-1 – on the plots irrigated using the drip
system, however, it was increasing to 347 kg·ha-1 when
ammonium nitrate was administered, applying fertigation, in a liquid form with the drip line.
The authors have declared no conflict of interest.
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ABSTRACT
Stable carbon isotopic compositions of several macrophyte specimens collected from Lake Taihu and the water
bodies in the lake catchment were analyzed. The δ13C values of aquatic plants vary from −27.54‰ to −13.18‰. The
δ13C values of submerged macrophytes are less negative and
significantly differ from those of emergent, free-floating,
and floating-leaved macrophytes. This difference would be
attributed to the degree of utilization of CO2 or HCO3− by
these plants, characterizing distinct carbon isotopic compositions. The negative correlation between the δ13C values of
submerged macrophytes and dissolved inorganic carbon
(DIC) indicates that external carbon supply exceeds carbon
demand and more substrate CO2 can escape from the cell
with the increase in DIC concentrations, which would lead
to carbon isotopic fractionation increase and the δ13C values of submerged macrophytes decrease. However, the
δ13C values of submerged macrophytes exhibited a positive
correlation with pH values since carbon limitation and the
absorption of HCO3− increase lead to less isotopic discrimination and 13C-enriched of submerged macrophytes with
the increase of pH value. Our study showed that δ13C values of aquatic plants in Lake Taihu catchment were affected by growth forms, DIC concentration, pH value, and
different photosynthesis metabolism.
KEYWORDS:
carbon isotopic composition, HCO3−, growth form, DIC, pH

1. INTRODUCTION
The application of the stable isotope technique has
steadily increased over the recent years in the fields of geochemistry, ecology, and environmental research [1–4]. In
plant physiological ecology, stable carbon isotopes have
been widely used to distinguish photosynthetic pathways
for terrestrial plants because of the different photosynthetic
* Corresponding author; #： These authors contributed equally to this
study and should be considered co-first authors.

metabolism in C3, C4, and CAM (crassulacean acid metabolism) plants [5]. Meanwhile, carbon stable isotope composition is a useful index for assessing water-use efficiency
in C3 plants [6]. Although the δ13C values of seagrasses are
similar to that of terrestrial C4 plants, seagrasses lack bundle sheath cells that are important in determining the δ13C
values of C4 plants [7-9]. Compared with terrestrial plants
and seagrasses, the stable isotopes of aquatic macrophytes
were recognized as excellent natural tracers for different
chemical and physical processes that occur in the environment [10, 11], such as tracing energy sources of the food
chain and tracing the origin of organic matter [12-14].
In aquatic environments, CO2 can be a primary limitation for photosynthesis because of the low capacity of water to hold gaseous CO2 and the slow diffusion rate of dissolved molecules. It has been demonstrated that many
aquatic primary producers can utilize different species of
inorganic carbon (CO2 and/or HCO3−) which vary in isotopic composition [15, 16]. The δ13C of HCO3− is 7-11‰
higher than that of dissolved CO2 [8]. The δ13C values of
the carbon source can vary from approximately +1‰ for
HCO3− derived from limestone, to about −6‰ for seawater
HCO3−, and −7‰ for dissolved CO2 in equilibrium with air
[17, 18]. Recent studies demonstrate that about half of freshwater macrophyte species use HCO3− as a carbon source.
However, the ability depends on pH and species-specific differences (e.g.at pH 5.5, 80% of the inorganic carbon is as
CO2, whereas at pH 8.5, CO2 is <1%) [17]. Meanwhile, low
boundary layer conductance and active HCO3− transport
would increase carbon isotopic discrimination [19, 20].
Some researches show that the δ13C values of submerged plants often increase with an increase in δ13C of
dissolved inorganic carbon (DIC) and a decrease in DIC
concentration in freshwaters [21-22]. When the DIC concentration is low (carbon demand exceeds carbon supply),
the plants will actively transport DIC into the photosynthesizing cells, leaving the DIC pool enriched with 13C, and
aquatic plants incorporates all available C with little isotope fractionation [23]. When external carbon supply exceeds carbon demand by the aquatic plants, more substrate
CO2 can escape the cell and carbon isotopic fractionation
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is higher [24]. Therefore, stable carbon isotopic compositions of aquatic macrophytes are related to external carbon
supply and carbon demand.
The ancestral pathway of C3 photosynthesis evolves in
a CO2-rich atmosphere [25], and aquatic macrophyte species are mostly C3 plants. However, alterations of photosynthetic pathways have been suggested to contribute to
the adaptation of plants to environmental stress under environmental stress [26]. For example, Hydrilla verticillata,
a submerged aquatic plant, changes its photosynthetic pathway from C3 to C4 under conditions of CO2 deficiency [27,
28]. Isoetes howellii, an emergent aquatic plant, exhibits CAM
metabolism [29]. Egeria densa [30] and Elodea Canadensis
[31] evidently demonstrate C4 metabolism [32]. There is a
smaller carbon isotope fractionation in C4 plants than in C3
plants [33, 34]. The combination of these aspects may result
in a range of possible δ13C values in aquatic plants.
In this study, the δ13C values of aquatic macrophytes
were investigated in Lake Taihu and its catchment, with
particular emphasis on the factors affecting the variations
in carbon isotope compositions. We hypothesized that the

δ13C values of aquatic macrophytes were affected by the
following factors: (i) growth forms of aquatic macrophytes, (ii) environmental factors (e.g., DIC concentration
and pH value), and (iii) photosynthetic metabolisms. We
also explored the relationship of the δ13C values of aquatic
macrophytes with DIC concentrations and pH value.

2. MATERIALS AND METHODS
2.1 Sampling sites

Lake Taihu, the third largest freshwater lake in China, is
located on the lower reaches of the Yangtze River in the East
Plain of China (30°55'40" to 31°32'58"N, 119°52'32" to
120°36'10"E). The lake has a mean depth of 1.9 m, a surface
area of 2338 km2, and a catchment area of 36,500 km2. Lake
Taihu has become increasingly eutrophic over the past decades [35].
The Taihu catchment encompasses Lake Taihu, as well
as the areas of Wuxi, Huzhou, Yixing, and Wujiang (Fig. 1).
Taihu catchment comprises shallow lakes, such as Shan-

FIGURE 1 - Location of the sampling site of aquatic plants in Lake Taihu and Taihu catchment.
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qianyang, Taifenhu, Wenluyang and so on. Most of these
lakes are eutrophic and contain an average depth of less
than 2 m [36]. Alternanthera philoxeroides, Phragmites
australis, and Hydrocharis dubia are common species in
Taihu catchment and are highly abundant in Lake Taihu
(unpublished data).

−1]×1000, where ‰ is parts per thousand and R denote the
corresponding ratio 13C/12C. The international standard for
carbon is Vienna Pee Dee Belemnite. The reference material is carbonatite (IAEA–NBS18). More than 20% of the
samples were analyzed for two or more times, and the
standard errors of replicated analyses were approximately
±0.3‰.

2.2 Sample collection

Aquatic plant specimens, including free-floating,
emergent, floating-leaved, and submerged aquatic plants,
were collected monthly from 2008 to 2009 in Lake Taihu
and Taihu catchment. The collected samples were stored in
plastic bags and transported to the laboratory. Plants were
identified according to the bibliography named “Flora of
China” [37]. Plants were separated according to tissue
(leaf, stem, seed and flower) and we only take leaves.
Leaves were repeatedly washed with deionized water to remove debris and epiphytes, dried at 60°C to constant
weight, and ground into powder by with a pestle and mortar. Water samples were collected from surface waters (0–
0.5 m) with a 5 L Schindler sampler, and then were filtered
by glass fiber filters (GF/F, Waterman). Dissolved inorganic carbon (DIC) were measured with a TOC analyzer
(model 1010, USA) using filtrate. Water pH was measured
in situ with YSI Environmental Monitoring System 6600.
2.3 Stable Isotope Analysis

Stable carbon isotope ratios of samples were analyzed
with a Delta Plus (Finnigan MAT, Bremen, Germany) continuous flow isotope ratio mass spectrometer (CF-IRMS)
directly coupled to an NC2500 elemental analyzer (Carlo
Erba). Stable isotope ratios of samples were expressed as δ
notation using the equation: δ13C(‰) = [(Rsample/Rstandard)

2.4 Data Treatment and Statistical Analyses

Analysis of variance (Kruskal–Wallis test) was performed to test the differences among the δ13C values of
aquatic plants. Significance levels were α = 0.05. We performed the Kruskalmc test for pairwise comparison to find
significant differences among the independent samples of
aquatic macrophyte species. The data were not normally
distributed and could not be normalized before the analysis. Correlation analysis was used to investigate the relationship of foliar δ13C with DIC concentrations and pH
value. All statistical analyses were performed with programming language R.

3. RESULTS
The data set included 16 species. The mean δ13C values
varied from −24.58‰ to −17.06‰, with Myriophyllum spicatum achieving the highest mean value (−17.06±1.83‰)
and Arthraxon hispidus achieving the lowest mean value
(−24.58±0.35‰) (Fig. 2). The δ13C of H. verticilata varied from −22.39‰ to −15.76‰, with an average value of
−18.64‰. The δ13C of Ceratophyllum demersum varied
from −22.39‰ to −16.20‰, with an average value of
−19.16‰ (Table 1).

FIGURE 2 - Boxplot of the carbon isotopic composition for aquatic plant species collected from Lake Taihu and Taihu catchment. The species
are divided into four growth forms to demonstrate different carbon isotopic compositions. The δ13C values are sorted according to the decreasing mean composition of all plants. Left and right ends of boxes represent 75th and 25th percentiles, respectively. Whiskers represent 75th and
25th percentiles, and open circles represent outliers. The black solid line represents the mean.

3905

© by PSP Volume 24 – No 11b. 2015

Fresenius Environmental Bulletin

TABLE 1 - Mean and range of δ13C for species collected from Lake Taihu between 2008 and 2009. n = sample number and SD = standard
deviation. The table also shows the different growth forms (S = submerged plants, F = floating-leaved plants, FL = free-floating plants, and E
= emergent plants).
Latin_name

Growth
form

Alternanthera philoxeroides
Ceratophyllum demersum
Myriophyllum spicatum
Hydrilla verticillata
Hydrocharis dubia
Vallisneria natans
Nymphoides peltatum
Phragmites australis
Arthraxon hispidus
Zizania latifolia
Potamogeton crispus
Potamogeton pectinatus
Potamogeton wrightii
Trapa natans
Typha orientalis
Salvinia natans

E
S
S
S
F
S
FL
E
E
E
S
S
S
FL
E
F

n
12
20
28
7
11
9
28
44
2
37
40
4
51
16
3
3

δ13C
min
－22.73
－22.39
－21.80
－22.39
－22.47
－22.39
－25.55
－26.81
－24.83
－27.54
－25.02
－20.29
－26.75
－25.30
－27.17
－23.48

Mean
－21.26
－19.16
－17.06
－18.64
－20.07
－19.13
－21.49
－24.08
－24.58
－22.99
－17.97
－17.64
－18.25
－21.48
－22.99
－21.01

The δ13C value of the submerged macrophytes (−18.16
± 2.11‰) was less negative than that of the free-floating
(−21.44 ± 2.11‰), emergent (−23.23 ± 2.66‰), and floating-leaved (−20.16 ± 1.4‰) macrophytes (Table 2). Our
data suggest that there were significant differences among
the four growth forms of aquatic plants (P<0.05). By performing a pairwise comparison, the δ13C values of the submerged macrophytes showed extremely significant differences with those of the other macrophytes (P<0.05). No
significant relationships were found between emergent and
floating-leaved macrophytes, floating-leaved and freefloating macrophytes (Table 3).

max
－18.98
－16.20
－13.18
－15.76
－18.78
－16.43
－16.68
－20.18
－24.33
－15.58
－14.16
－15.74
－14.61
－18.95
－19.28
－19.24

SD
1.1
1.21
1.83
2.33
1.14
1.77
2.17
1.79
0.35
3.06
2.3
1.95
2.23
2.19
3.97
2.21

Carbon source

Ref.

CO2 and HCO3−
CO2 and HCO3−
CO2 and HCO3−

[17, 39]
[17, 39]
[17, 39]

CO2 and HCO3−
CO2 and HCO3−
CO2 and HCO3−

[17, 39]
[17, 39]

value). The carbon isotope ratios of submerged macrophytes were negatively correlated with DIC concentrations
(r = −0.263, p < 0.001, Fig. 3). For emergent, floatingleaved, and free-floating macrophytes, no relationship existed between DIC and foliar δ13C. Remarkably, the δ13C
value of submerged macrophytes showed a significantly
positive correlation with pH values (r = 0.33, p < 0.001,
Fig. 4). However, pH values were not correlated with the
δ13C values of emergent, floating-leaved, and free-floating
macrophytes.

TABLE 2 - Mean and range of δ13C for the different growth forms of
species collected from Lake Taihu between 2008 and 2009. n = sample
number, SD = standard deviation.
Group
Emergent plant
Free-floating plant
Floating-leaved plant
Submerged plant

mean
−23.23
−21.44
−20.16
−18.16

SD
2.66
2.11
1.40
2.11

δ13C
min
−27.54
−25.55
–23.48
–26.75

Max
−14.05
−16.68
−18.67
−13.18

n
98
44
15
162

TABLE 3 - Kruskal–Wallis test results for the differences in the mean
δ13C of different growth forms of aquatic macrophytes. TRUE indicates the presence of a significant difference, whereas FALSE indicates the absence of a significant difference.
Growth forms
E–FL
E–F
E–S
FL–F
FL–S
F–S

Obs.dif
41.03651
75.38095
146.9828
34.34444
105.9463
71.60185

Critical.dif
43.95444
67.67598
31.23706
72.77425
41.13158
65.87756

Difference
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE

We used simple correlation to explore the relationships
of the carbon isotope ratios of aquatic plants with the chemical properties of water bodies (DIC concentrations and pH

FIGURE 3 - Relationship between the δ13C values of submerged macrophytes and DIC concentration of lake water. Significantly negative
correlations were found between the δ13C values and DIC (r = −0.263,
p < 0.001, n = 159).
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TABLE 4 - Kruskal–Wallis test results for the differences in the mean δ13C of different species of aquatic macrophytes. TRUE indicates the
presence of a significant difference, whereas FALSE indicates the absence of a significant difference.
Species
Alternanthera philoxeroides-Arthraxon hispidus
Alternanthera philoxeroides-Ceratophyllum demersum
Alternanthera philoxeroides-Hydrilla verticillata
Alternanthera philoxeroides-Hydrocharis dubia
Alternanthera philoxeroides-Myriophyllum spicatum
Alternanthera philoxeroides-Nymphoides peltatum
Alternanthera philoxeroides-Phragmites australis
Alternanthera philoxeroides-Potamogeton crispus
Alternanthera philoxeroides-Potamogeton pectinatus
Alternanthera philoxeroides-Potamogeton wrightii
Alternanthera philoxeroides-Salvinia natans
Alternanthera philoxeroides-Trapa natans
Alternanthera philoxeroides-Typha orientalis
Alternanthera philoxeroides-Vallisneria natans
Alternanthera philoxeroides-Zizania latifolia
Arthraxon hispidus-Ceratophyllum demersum
Arthraxon hispidus-Hydrilla verticillata
Arthraxon hispidus-Hydrocharis dubia
Arthraxon hispidus-Myriophyllum spicatum
Arthraxon hispidus-Nymphoides peltatum
Arthraxon hispidus-Phragmites australis
Arthraxon hispidus-Potamogeton crispus
Arthraxon hispidus-Potamogeton pectinatus
Arthraxon hispidus-Potamogeton wrightii
Arthraxon hispidus-Salvinia natans
Arthraxon hispidus-Trapa natans
Arthraxon hispidus-Typha orientalis
Arthraxon hispidus-Vallisneria natans
Arthraxon hispidus-Zizania latifolia
Ceratophyllum demersum-Hydrilla verticillata
Ceratophyllum demersum-Hydrocharis dubia
Ceratophyllum demersum-Myriophyllum spicatum
Ceratophyllum demersum-Nymphoides peltatum
Ceratophyllum demersum-Phragmites australis
Ceratophyllum demersum-Potamogeton crispus
Ceratophyllum demersum-Potamogeton pectinatus
Ceratophyllum demersum-Potamogeton wrightii
Ceratophyllum demersum-Salvinia natans
Ceratophyllum demersum-Trapa natans
Ceratophyllum demersum-Typha orientalis
Ceratophyllum demersum-Vallisneria natans
Ceratophyllum demersum-Zizania latifolia
Hydrilla verticillata-Hydrocharis dubia
Hydrilla verticillata-Myriophyllum spicatum
Hydrilla verticillata-Nymphoides peltatum
Hydrilla verticillata-Phragmites australis
Hydrilla verticillata-Potamogeton crispus
Hydrilla verticillata-Potamogeton pectinatus
Hydrilla verticillata-Potamogeton wrightii
Hydrilla verticillata-Salvinia natans
Hydrilla verticillata-Trapa natans
Hydrilla verticillata-Typha orientalis
Hydrilla verticillata-Vallisneria natans
Hydrilla verticillata-Zizania latifolia
Hydrocharis dubia-Myriophyllum spicatum
Hydrocharis dubia-Nymphoides peltatum
Hydrocharis dubia-Phragmites australis
Hydrocharis dubia-Potamogeton crispus
Hydrocharis dubia-Potamogeton pectinatus
Hydrocharis dubia-Potamogeton wrightii
Hydrocharis dubia-Salvinia natans
Hydrocharis dubia-Trapa natans
Hydrocharis dubia-Typha orientalis
Hydrocharis dubia-Vallisneria natans
Hydrocharis dubia-Zizania latifolia
Myriophyllum spicatum-Nymphoides peltatum
Myriophyllum spicatum-Phragmites australis
Myriophyllum spicatum-Potamogeton crispus
Myriophyllum spicatum-Potamogeton pectinatus
Myriophyllum spicatum-Potamogeton wrightii
Myriophyllum spicatum-Salvinia natans
Myriophyllum spicatum-Trapa natans
Myriophyllum spicatum-Typha orientalis
Myriophyllum spicatum-Vallisneria natans
Myriophyllum spicatum-Zizania latifolia
Nymphoides peltatum-Phragmites australis
Nymphoides peltatum-Potamogeton crispus
Nymphoides peltatum-Potamogeton pectinatus

Obs.dif
65.333333
69.891667
90.059524
36.825758
140.434524
1.095238
57.629845
113.616667
111.216667
104.965686
15.75
7.016667
23.75
71.527778
29.333333
135.225
155.392857
102.159091
205.767857
66.428571
7.703488
178.95
176.55
170.29902
81.083333
72.35
41.583333
136.861111
36
20.167857
33.065909
70.542857
68.796429
127.521512
43.725
41.325
35.07402
54.141667
62.875
93.641667
1.636111
99.225
53.233766
50.375
88.964286
147.689369
23.557143
21.157143
14.906162
74.309524
83.042857
113.809524
18.531746
119.392857
103.608766
35.730519
94.455603
76.790909
74.390909
68.139929
21.075758
29.809091
60.575758
34.70202
66.159091
139.339286
198.064369
26.817857
29.217857
35.468838
124.684524
133.417857
164.184524
68.906746
169.767857
58.725083
112.521429
110.121429
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Critical.dif
242.38925
115.88423
150.93575
132.47439
109.5003
109.5003
103.61233
104.45663
168.92884
101.82385
204.85631
122.91379
204.85631
139.9435
106.56235
235.36198
254.45571
243.95813
232.28522
232.28522
229.56834
229.95064
265.52412
228.7667
289.71057
238.90146
289.71057
248.09331
230.91479
139.37113
119.13091
92.91409
92.91409
85.89661
86.91317
158.68101
83.73057
196.49127
108.39977
196.49127
127.38483
89.43292
153.44257
134.10993
134.10993
129.34711
130.02441
185.82818
127.91894
219.00061
145.26857
219.00061
159.93543
131.72203
112.93067
112.93067
107.23123
108.04725
171.17235
105.50411
206.71025
125.97944
206.71025
142.64362
110.08431
84.81857
77.06743
78.19886
154.08058
74.64563
192.79518
101.5464
192.79518
121.60615
80.99017
77.06743
78.19886
154.08058

Difference
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
FALSE
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Nymphoides peltatum-Potamogeton wrightii
Nymphoides peltatum-Salvinia natans
Nymphoides peltatum-Trapa natans
Nymphoides peltatum-Typha orientalis
Nymphoides peltatum-Vallisneria natans
Nymphoides peltatum-Zizania latifolia
Phragmites australis-Potamogeton crispus
Phragmites australis-Potamogeton pectinatus
Phragmites australis-Potamogeton wrightii
Phragmites australis-Salvinia natans
Phragmites australis-Trapa natans
Phragmites australis-Typha orientalis
Phragmites australis-Vallisneria natans
Phragmites australis-Zizania latifolia
Potamogeton crispus-Potamogeton pectinatus
Potamogeton crispus-Potamogeton wrightii
Potamogeton crispus-Salvinia natans
Potamogeton crispus-Trapa natans
Potamogeton crispus-Typha orientalis
Potamogeton crispus-Vallisneria natans
Potamogeton crispus-Zizania latifolia
Potamogeton pectinatus-Potamogeton wrightii
Potamogeton pectinatus-Salvinia natans
Potamogeton pectinatus-Trapa natans
Potamogeton pectinatus-Typha orientalis
Potamogeton pectinatus-Vallisneria natans
Potamogeton pectinatus-Zizania latifolia
Potamogeton wrightii-Salvinia natans
Potamogeton wrightii-Trapa natans
Potamogeton wrightii-Typha orientalis
Potamogeton wrightii-Vallisneria natans
Potamogeton wrightii-Zizania latifolia
Salvinia natans-Trapa natans
Salvinia natans-Typha orientalis
Salvinia natans-Vallisneria natans
Salvinia natans-Zizania latifolia
Trapa natans-Typha orientalis
Trapa natans-Vallisneria natans
Trapa natans-Zizania latifolia
Typha orientalis-Vallisneria natans
Typha orientalis-Zizania latifolia
Vallisneria natans-Zizania latifolia

103.870448
14.654762
5.921429
24.845238
70.43254
30.428571
171.246512
168.846512
162.595531
73.379845
64.646512
33.879845
129.157623
28.296512
2.4
8.65098
97.866667
106.6
137.366667
42.088889
142.95
6.25098
95.466667
104.2
134.966667
39.688889
140.55
89.215686
97.94902
128.715686
33.437908
134.29902
8.733333
39.5
55.777778
45.083333
30.766667
64.511111
36.35
95.277778
5.583333
100.861111

74.64563
192.79518
101.5464
192.79518
121.60615
80.99017
69.71557
149.95341
65.70517
189.51301
95.1676
189.51301
116.33252
72.83274
150.53803
67.02867
189.97593
96.08613
189.97593
117.08513
74.02891
148.72326
231.76846
163.88505
231.76846
177.01608
152.00673
188.54114
93.21723
188.54114
114.74248
70.26513
200.71737
259.12501
211.57469
191.14183
200.71737
133.81158
98.37119
211.57469
191.14183
118.96754

TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

4. DISCUSSION
4.1 Inorganic carbon

FIGURE 4 - Relationship between the δ13C values of submerged macrophytes and pH of lake water. Significantly positive correlations were
found between the δ13C values and pH (r = 0.33, p < 0.001, n = 159).

The various growth forms of aquatic macrophytes significantly differ in terms of their carbon isotopic compositions. Although CO2 (aq) is the preferred carbon source for
freshwater macrophytes, it has a much slower diffusion
rate in water than in air by 4 orders of magnitude. Submerged macrophytes are often capable of utilizing HCO3−
for photosynthesis at times of CO2 (aq) shortage [15]. The
δ13CHCO3− will be 7-11‰ enriched compared to δ13CCO2
[38]. Fixation of bicarbonate-derived HCO3− relative to assimilation of dissolved CO2 lead to 13C-enriched tissues
[8]. Previous studies have demonstrated that species C. demersum, M. spicatum, H. verticillata, Potamogeton crispus, P. pectinatus and P. wrightii can use CO2 and HCO3−
as their carbon source (Table 1). However, aquatic plants,
such as M. verticillatum, have little or no capacity to utilize
HCO3− [17, 39]. Emergent plants directly assimilate CO2
from the atmosphere and utilize 13C-depleted atmospheric
CO2 (−7.8‰), which has been identified as the primary
reason for affecting their δ13C values [8]. These plants can
also absorb inorganic carbon from sediments via the roots,
where mineralization processes generate CO2. This ability
allows the plants to grow in water with low inorganic carbon content [40]. Moreover, floating-leaved and free-float-
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ing plants may partially utilize atmospheric CO2 or HCO3−
under CO2 (aq) limitation [41]. Submerged plants can utilize HCO3− as their carbon source which leads to less negative δ13C.
4.2 The chemical properties of water bodies

The δ13C values of submerged macrophytes were negatively correlated with DIC concentrations in water column. Numerous studies indicate that the δ13C variability of
aquatic macrophytes can be largely attributed to carbon demand and external inorganic carbon availability in water
column [42–44]. When the DIC concentration is low, submersed macrophytes rapidly assimilate 12C during periods
of active photosynthesis, leaving the DIC pool enriched
with 13C during periods of high growth, and subsequent
carbon fixation will use heavy DIC and lead to 13C enrichment of submerged macrophytes [45]. When the concentration of DIC is higher, the carbon demand by the plant is
relaxed and external supply is in comparative excess, more
substrate CO2 can escape the cell [24], leaving the internal
DIC pool depleted with 13C, and carbon isotopic fractionation increase. Therefore, carbon fixation will use light DIC
and lead to 13C depletion of submerged macrophytes.
The δ13C values of submerged macrophytes were positively correlated with pH values. Submerged macrophytes
use HCO3− as the photosynthesis of external carbon source
during periods of CO2 (aq) limitation. The capacity is dependent upon species-specific differences and on the proportion of CO2 and HCO3− in the boundary layer of the leaf.
The ratio of CO2 to HCO3− is related to pH [17]. Maberly
et al. [46] investigated the species in waters with high alkalinity, high pH, and HCO3− as their primary carbon
source. In shallow productive lakes, pH value is usually
higher than 8 [47], and CO2 (aq) concentration approaches
0 [48]. In our investigation, most pH values were higher
than 8, so HCO3− would be the only inorganic carbon
source utilized by submerged plants. Because the δ13CHCO3−
will be 7-11‰ enriched compared to δ13CCO2, the δ13C values of submerged plants may increase with the absorption
of HCO3−. With the increase of pH value, carbon limitation
and the absorption of HCO3− increase [49], which can lead
to less isotopic discrimination and significantly utilization
of 13C-enriched DIC by submerged macrophytes. In addition, Fogel et al. [23] indicated that the δ13C value of algae
at more acidic pH values were more negative than at alkaline pH values.
4.3 Photosynthesis metabolism

[51]. Most aquatic macrophyte species are C3 plants, such
as Ceratophyllum and Myriophyllum. Other aquatic species
demonstrate CAM or C4-like metabolism to endure situations with high temperatures and limited dissolved CO2
[52]. Some studies have also demonstrated that the submerged plants of H. verticillata may survive under limited
DIC concentration with C4 metabolism even if they do not
exhibit the Kranz anatomy characteristics of terrestrial C4
plants [27]. In our investigation, all emergent and floating
plants exhibit the CO2-concentrating mechanism of C3,
whereas the submerged plants of H. verticillata demonstrate C4-like metabolism. H. verticillata can also reduce
the rate of photorespiration [53–55]. PEP carboxylase
shows a limited fractionation against the heavy carbon isotope. Moreover, Rubiso exhibits higher fractionation
against naturally occurring 13CO2 than PEP carboxylase.
Thus, 13C is depleted in C3 plants compared with that in C4
plants [14].

5. CONCLUSION
The main factors that affect the carbon isotopic compositions of aquatic plants in Lake Taihu catchment are
growth forms, DIC concentrations, pH value and different
photosynthesis metabolism. For submerged plants, more
positive δ13C values may be concerned with the active CO2
transport or active HCO3− uptake. The δ13C variability of
submerged plants can be largely attributed to carbon demand and external inorganic carbon supply in water column. However, the isotopic composition of DIC was not
studied, which also be a significant factor affecting the δ13C
values of submerged plants. Further study focusing on the
relationships between isotopic composition of DIC and the
δ13C values of aquatic plants and water quality variables,
will contribute to a better understanding of the physiology
and ecology of aquatic macrophytes and carbon cycling in
lake ecosystems.
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The carbon fixation pathways of these plants and their
probable influence on their carbon isotope signatures have
been investigated. The carbon isotope signatures of C3 and
C4 plants vary from −20‰ to −35‰ and −10‰ to −14‰,
respectively [50]. Our data indicate that aquatic plants exhibit a wide range of δ13C values from −28‰ to −12‰,
whereas the δ13C values of C3, C4, and CAM plants cannot
be distinguished. However, under low CO2 environment,
aquatic macrophytes develop various CO2-concentrating
mechanisms to improve their external CO2 concentration
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ABSTRACT
Drying test is a common way to characterize the water
distribution within sludge, which was used to predict the
sludge dewaterability. However, the influence of drying
conditions on the measurement of bound water has not
been systematically revealed in previous works. This work
aims to fully investigate the effect of operating conditions,
including the air temperature, velocity, amount of sample
(depth) and solid concentration, on the measurement of
bound water. The sludge was pretreated by hydrothermal
treatment in order to improve its homogeneity. The results
show that the measured bound water content Mc progressively increased with air temperature, air velocity and
sludge depth, but decreased with initial solid concentration
of sludge. The Mc was linearly related to the natural logarithm of air temperature and velocity. Compared to the air
velocity and other parameters, air temperature has a dominant influence on the Mc. As the Mc depended greatly on
the operating conditions, it cannot work as an intrinsic parameter to evaluate sludge dewaterability. Some normalization methods should be proposed referring other technologies, such as binding energy, expression test and water
activity test, in order to better apply the drying tests. Besides, because the tray may affect the water evaporation
rate, the drying test might not be applicable to evaluate the
water distribution within slurry. One possible solution is to
remove some water by free settling.

KEYWORDS: sludge, bound water, drying test, moisture distribution, critical moisture content

NOMENCLATURE
mτ
ms
τ
Mτ

sample weight at time τ, kg
dry solid mass, kg
drying time, s
dry basis moisture content, kg/kg d.b.

* Corresponding author

water evaporation rate (mass flux), kg/(m2·h)
drying area (surface area) of sample, m2
critical moisture content, kg/kg
equilibrium moisture content, kg/kg
Reynolds number

1. INTRODUCTION
In 2010, about 20.76 million tons of sludge with a
moisture content of 80% was generated in China, representing an increase of 9.1% compared to that in 2009 [1,
2]. Its treatment and disposal have been severe environmental issues due to its huge production and high moisture
content in all over the world. Recently, some researchers
are intending to develop newly technologies, such as nano
technology [3], lime-heat treatment [4], to dispose sludge.
The main obstacle for sludge disposal and utilization
is its high moisture content, which is quite difficult to remove. Without conditioning, its solid concentration of
sludge was quite far from the requirements for further disposal or utilization (such as landfilling, composting, incineration, etc.). Thus, some techniques, such as coagulation,
flocculation and thermal conditioning, were usually applied to improve sludge dewaterability, which was affected
by many parameters, e.g., the particle size, filtrate viscosity, solid concentration, compressibility coefficient, extracellular polymeric substances, filamentous bacteria, organic content, and cationic salts, etc. [2, 5-8]. Typically,
the sludge dewaterability was evaluated by the specific resistance to filtration (SRF) and the capillary suction time
(CST), depending on water existence state. As a result, the
characterization of water distribution in sludge has been
considered as an effective way to detect the sludge dewatering problems [9]. Some researchers [10-14] thought
that the bound water content represents the limits of sludge
mechanical dewatering and is also related to the performance of numerous processes.
Based on different hypotheses, several techniques, such
as dilatometric test [11, 14-17], centrifugal settling [14, 1821], vacuum filtration [22, 23], expression test [20, 22, 24,
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25], differential thermal analysis (DTA) [12, 26], differential
scanning calorimetry (DSC) [19, 20, 26, 27], drying test
(vacuum drying [28-30], ambient drying [11, 20, 22, 2426, 31]) and water activity test [9, 32-34], have been developed to measure the free/bound water within sludge. However, the assumptions of these methods were still worthy of
discussion. Vaxelaire and Lee [9, 35] have given a detailed
review on the comparison of different methods. For dilatometric test, the bound water was thought to be the water
unfrozen below a certain temperature (typically –20°C).
Nevertheless, Smith and Vesilind [16] pointed out that the
solid concentration, freezing temperature, and also gas
bubbles coming out of sludge solution could affect the
measurement of unfrozen water. Besides, the amount of the
unfrozen water should include the water trapped between
particles, depending on the quantity of ordered layers on
particle surface as well as the extent of intracellular ice formation. Similar problems also existed in DTA, DSC and
DTA-DSC tests.
Normally, the mechanism in each test could not be separated so that the scientific literature in this field was often
difficult to be applied. Taking the drying test as an example, it assumes that the evaporation rate (drying flux,
kg/(m2·h) depended on the binding force between the water
molecule and solid particles. The bound/free water content
was derived by plotting the drying flux vs moisture content.
Two parameters, the critical moisture content Mc, defined
as the moisture content of the transition from the constant
rate period to falling rate period [11, 20, 29-31], or the
equilibrium moisture content Meq [26, 28, 31, 36], were
typically used to evaluate the bound water content of
sludge. Many researchers adopted this technique to assess
the water distribution within sludge. Nevertheless, few
works have investigated the effect of operating conditions
on the bound water determination in drying tests. Moreover, scientific literatures in this field are hard to apply due
to the great differences among experimental conditions and
materials. Therefore, a fully understand of the influence of
operation parameters is necessary and urgent to evaluate
the data reported in current literatures and to improve the
referential value of different publications.
The dewatered activated sludge was normally regarded
as a shrinkable material, which could undergo volume
shrinkage and surface cracking during drying. Both will affect the existence of constant rate period even if the surface
water has been completely evaporated [37, 38]. Some researchers has pointed out that the decrease in surface area
could not generally be neglected due to the highly reduction in sample size [39, 40], indicating that both the sample
mass and size should be monitored to evaluate the drying
flux. Correspondingly, the experimental procedures become complicated, thus reducing the accuracy of the results. Previous studies show that the sludge will become
homogeneous after hydrothermal treatment [41, 42]. As a
result, it would simplify the experimental process and minimize some interference factors from the results if use the
hydrothermally treated sludge as experimental sample.

This work aims to investigate the influence of operating conditions such as the temperature, air velocity, sample
amount (depths) and initial solid concentration on the
measurement of sludge bound water content within employing drying test, in order to provide some clues to evaluate the results obtained at various conditions. The critical
moisture content (Mc) was adopted to characterize the influence of various drying conditions. In order to improve
the comparability of the test results, which is mainly determined by sludge uniformity, the sludge was pretreated by
hydrothermal treatment. It should be also mentioned that
this procedure would undoubtedly affect sludge drying
properties. However, because the objective is to reveal the
effect of operation conditions on the measurement, this
treatment is still acceptable. Besides that, the result would
be more reliable due to the improvement in sludge uniformity.

2. MATERIALS AND METHODS
2.1 Sample preparation

The dewatered activated sludge with a moisture content of 85.6% was taken from a wastewater treatment plant
(WWTP) in Japan.
The hydrothermal treatment is introduced here briefly;
details about this system can be found in our previous work
[41-43]. The sludge pre-mixed with pure water (Wako Pure
Chemical Industries, Ltd. Japan) at a mass ratio of 10:3
(100 g sludge and 30 g pure water) was loaded into a glass
tube with a volume of 500 mL. After that, the tube was put
into the reactor. Subsequently, the reactor was sealed and
the argon gas was supplied from a cylinder to create an oxygen free circumstance in the reactor. The temperature and
holding time were fixed as 200 °C and 30 min, respectively. When the reaction was finished, the residual steam
was discharged and cooled down with a water condenser.
After the pressure and temperature falling down to the atmospheric and room temperature, the products were taken
out and kept in a cold bottle (+4 °C) prior to drying. To
guarantee the uniformity, this experiment was repeated for
20 times and the products were mixed to work as experimental sample.
After hydrothermal treatment, the sludge dewaterability was highly improved [5]. To study the effect of initial
solid concentration, about 300 g of the mixture was divided
into five parts to settle freely to obtain samples with various
initial solid concentrations. With this method, the inner
structure (porosity) of the sample could be supposed to be
the same as no extra force was applied. Therefore, the differences in the results could merely attribute to sludge initial solid concentration.
2.2 Experimental set-up and procedures
2.2.1 Drying equipment

The drying test was performed in a convective dryer
schematically shown in Fig.1. It is composed of a blower,
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FIGURE 1 - Schematic diagram of the convective drying equipment

TABLE 1 - Operating conditions of the drying tests
Factors
Items
Operating
parameters

Air temperature
Temperature
Velocity
Thickness
31.75±0.05
36.83±0.28
44.45±0.57
1.52±0.04
6.00±0.02
52.52±0.77
66.21±1.32
79.72±2.00

Temperature

44.45±0.57

a heater, a wind tunnel, a tray made of wire meshes and
some measurement instruments. All these components are
fixed on a mobilizable rectangular supporter. The blower
with a power of 0.25 kW has a maximum volumetric flow
rate of 504 m3/h and its airflow rate was controlled by a
revolution speed regulator and displayed on the control
panel. The heater consisted of several electronic resistances
with a total power of 7.5 kW allowing temperature up to
350 °C, which was controlled by a self–adapting control
system with a accuracy of ±3%. The total dimensions of
this dryer were 2600×450×900 mm, and those of the wind
tunnel were 1800×250×250 mm (inner 200×200). In order
to reduce the heat loss of the system, the tunnel was covered by a heat-insulating material. In the tunnel, a honeycomb was installed to distribute air uniformly, and a carrier
connecting to a digital balance ASP-4100 (AS-one, Japan)
was used to support the sample. The balance was placed
outside the tunnel and cowled to eliminate the influence air
circulating. During the test, the air temperature and velocity
were controlled by a self-adapting control system and measured by a digital anemometer (VA–20), which can simultaneously measure a temperature ranging from –10 to 90 °C
with a precision of ±0.5 °C and velocity of 0.05-9.99 m/s
with a precision of 3%±0.05 m/s.
2.2.2 Experimental procedure

The convective dryer was located inside a laboratory
room so that it could work under a relatively stable surrounding circumstance with a room temperature of 26–
31 °C and a relative humidity of 55%–65%. Drying tests began when the specific drying conditions (shown in Table 1)
were achieved and stable. The hydrothermally treated sludge

Air velocity
Velocity
1.13±0.04
1.32±0.04
1.54±0.05
1.79±0.06
2.02±0.05

Thickness

6.00±0.02

Thickness (sample amount)
Temperature
Velocity
Thickness

44.45±0.57

1.52±0.04

6.00±0.02
8.00±0.02
10.00±0.02
13.00±0.02
16.00±0.02

was poured into a square-tray, which was made from stainless steel. The tray was then placed on the carrier. Its
weight (mτ) was measured and recorded automatically in a
computer every 6 minutes. The experiments ended when
no change in sample mass was observed. After finishing
this process, the sample was dried in a 103 °C to 105 °C
oven for 12 hours to obtain the dry weight ms.
2.3 Data processing
2.3.1 Moisture content and mass flux

All the data was imported into Origin 8.6 (Origin lab,
America) to calculate the mass flux and dry basis (d.b.)
moisture content at any time τ. The dry basis moisture content (d.b., kg/kg) at time τ was expressed as:

M  (m  ms ) / ms

(1)

The mass flux ṁ (kg/(m2·h)) was derived from equation (2):
.

m=

60 

m


1000  A

(2)

Where A is the drying airflow surface area of sample,
m2. As the radial shrinkage was negligible because of the
hydrothermal treatment, the area was 2.5×10-3 m2 for all the
samples. Δm (=mτ,i-mτ,i+1, 10-3×kg) is the weight loss in the
drying period of Δτ (τi+1-τi, s; 360 s in this study).
2.3.2 Critical moisture content (Mc)

 versus
The drying curves were obtained by plotting m
Mτ. According to the literatures [9, 26, 31], it classically
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included 5 different stages: (1) a short temperature increasing period; (2) a constant rate period; (3) the first falling
rate period; (4) the second falling rate period, and (5) equilibrium stage (shown in Fig.2). Usually, the moisture content of the transition from constant rate period to the first
falling rate period [11, 20, 29-31] Mc or the [26, 28, 31],
was used to evaluate sludge bound water content. However, the equilibrium moisture content Meq represents the
thermodynamic equilibrium of drying test, largely depending on the operating conditions. Therefore, it would be
more persuasive to use the critical moisture content Mc to
evaluate the bound water content. Accordingly, the objective of this study was equivalent to investigate the influence of the operating conditions on Mc. This work divided
the water content into two parts. The term “bound water”
here is used to represent the portion of water different from
the bulk water.
During the real drying process, the mass flux could be
variable in the constant rate period due to some possible
experimental errors and variations of circumstance. When
plotting the mass flux vs. moisture content into graphs, a
small scale would enlarge the difference between the mass
fluxes, perturbing the partition of constant rate period.
Moreover, the tray would also affect the water evaporation.
Therefore, to better understand and analyze the experimental data, the constant rate period was assumed to stop
at the point, where its corresponding mass flux was 85% of
the maximum mass flux in the test. This point was the critical point and its corresponding moisture content was Mc.
Then, the moisture content at critical point was the same
regardless of the axis scale of graphs. This assumption was
acceptable as the main target was to investigate the effect
of operating conditions on the bound water content, which
was characterized by the Mc.

repeated trials did not coincide. However, their maximum
standard deviation was only 0.0233 and no statistically significant difference was observed. This small difference
was ascribed to the variation of air humidity. The difference in the initial fluxes was attributed to the temperature
difference between sample and hot air at the very beginning of the tests. It is reasonable because the sample will
be warmed during its preparation due to the temperature
difference between the sample and surrounding circumstance. If the time for sample preparation is not the same,
the temperature of sample at the beginning of drying test
will be different resulting in a variation in the initial drying
flux. For Mc, it was 3.47 kg/kg with a standard deviation of
0.07 for the repeated trials, indicating that the reliability of
the experimental design and the corresponding results. As
a result, all the conditions shown in Table 1 were carried
out only one time. On the other hand, the initial moisture
content (d.b.) was 5.71 kg/kg with a standard deviation of
0.05, implying that the sludge uniformity has already been
improved by hydrothermal treatment. Similar results could
also be found in other figures.

FIGURE 3 - Demonstration of the reliability of the experimental results
3.2 Effect of temperature

FIGURE 2 - Classical drying curve of sludge

3. RESULTS AND DISCUSSIONS
3.1 Reliability of the results

Before conducting all the runs, one random experiment
was first repeated five times to verify the repeatability of
the results (as shown in Fig.3). The drying curves of the

The temperature was quite different in the literatures
employing drying tests to evaluate water distribution
within sludge. Lee et al., [20, 27] conducted the test at
40 °C, while some other researchers used 30 °C [44], 35 °C
[10, 11] and 80 °C [24, 25], etc. To some extent, their referential value was weakened since the relationship between
the measured results and temperature was not well revealed. Fig.4 shows the sludge drying fluxes under various
temperatures. It clearly shows the drying temperature significantly increase the drying rate of sludge. The corresponding Mc was also increased from 1.60 to 3.62 kg/kg as
temperature rising from 31.74 to 79.72 °C. However, all
these values were lower than those reported in the literatures, which were 6.8±1.0 kg/kg for aerobic digested
sludge, 5.3±0.9 kg/kg for anaerobic digested sludge [11],
8.5 kg/kg for sludge [44], 6.30 [27] or 5.1 kg/kg [25] for
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bread plant sludge, and 6.7 [20] or 4.6–5.7 kg/kg [22] for
fibre plant sludge. This was because some bound water has
been transformed into free water during hydrothermal treatment. This can be further verified by our results with the
same sludge (as shown in Fig. 4). The Mc was 1.60 kg/kg for
the sample drying at 31.74 °C. It was coincident with Neyens
and Baeyens [5]. They reported that after a thermal pretreatment, the wet basis moisture content of sludge could be reduced to about 55% by a mechanical dewatering.

FIGURE 5 - Influence of the drying temperature (Velocity 1.52 m/s,
depths 6.00 mm)

FIGURE 4 - Effect of hydrothermal treatment on water distribution
in sludge

The Mc increased dramatically with air temperature in
this study, indicating that the measured bound water (Mc)
was significantly affected by the drying temperature. The
Mc was found to be linearly related to the natural logarithm
of air temperature with a correlation coefficient of 0.9899
in a regression analysis. This result did not contradict with
Tsang’s [31, 36] that no statistically significant difference
in measured bound water was observed over a temperature
of 22.9–38 °C. It is because Tang used Meq but not Mc to
represent the bound water content; and in such a narrow
temperature range, the Meq was very stable. Actually, even
in our study, the Meq was still stable (0.16±0.03 kg/kg).
With the standard theory, the bound water is the water
trapped by capillary pressure or some other chemical/physical force. It should be an intrinsic nature of sludge. However, this could not be expected by the current results. It
means some improvement and normalization method
should be proposed in order to evaluate the water distribution within sludge and the previous results accurately. Fig.5
suggests that the Mc derived from lower temperature would
be more effective to reflect the real sludge dewaterability.
Fig.6 shows a schematic diagram of water distribution
within sludge during the drying. The adjacent water shown
in this figure was equivalent to the bound water, including
the interstitial water, the surface (or vicinal) water and the
chemical bound (hydration) water indicated in previous
works [13, 16, 26, 31]. After hydrothermal treatment, the
water within sludge was supposed to distribute around
sludge particles uniformly with neglecting its gravity. At
the beginning of drying test, the drying rate was increased

FIGURE 6 - Illustration of the drying process

because of sample warming. After a very short temperature–increasing period, the drying shifts to a constant drying period. Meanwhile, the water on sample surface was
evaporated and the neighboring free water sludge was continuously diffused from the inner to sample surface because
of the concentration gradient between cs, ca, and the inner
of sample. Correspondingly, the sample thickness hτ was
progressively reduced owing to volume reduction (water
evaporation). The drying intensity will be strengthened as
increasing the air temperature, thus resulting in an improvement in both the water evaporation and transportation
rate. Correspondingly, the gradient between the sample
surface, air, and inner the sample was further increased because of the water evaporation on sample surface. If the
water transportation rate was lower than water evaporation
rate, the drying process was controlled by the inner diffusion properties, known as the falling rate period. Under a
high drying intensity, a porous rigid crust or shell would be
formed because of the low moisture content of the external
surface. This was verified by Schrader and Litchfield during food gels drying by means of magnetic resonance [45].
This shell or crust works as a mass transfer barrier and hinder the water evaporation [37], reducing the drying rate and
therefore promoting the transition from constant–rate drying to falling–rate drying. Moreover, as a result, the water
would be redistributed, resulting in shrinking and consequently accelerating the reduction in drying rate. Léonard
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et al. [39] has demonstrated that there exists a strong relationship between the drying rate reduction and volume
shrinkage during sludge convective drying. In one word,
the increase in drying intensity will not only improve the
drying rate but also the heat and mass transfer resistances,
accelerating the transition from constant rate period to the
falling rate period. Therefore, the CP moves to the right
side, resulting in the increment of Mc. It could be further
expected that the Mc will be increased no matter increasing
the air temperature or velocity.
3.3 Effect of air velocity

Fig.7 shows the effect of air velocity on the measurement of bound water content. In all drying curves traced by
maintaining the air temperature constant, the drying rate
kept increasing with air velocity except for the initial drying fluxes. This difference was most probably caused by
the sample warming from its initial temperature (depending
on the time spent on sample preparation) to 44.45 °C. There
is a constant rate period at all air velocities after a short
increasing period. As indicated by the cross, the constant
drying rate period became short as the air velocity increased. Correspondingly, the Mc increased progressively
from 2.01 to 2.63 kg/kg as the air velocity increased from
1.13 (Re=12865) to 2.02 m/s (Re=22997). It increased
sharply when the air velocity increased from 1.13 to 1.54 m/s
and then remained almost unchanged as the air velocity increased from 1.54 (Re=17532) to 1.75 m/s (Re=19923). After air velocity was higher than 1.75 m/s, the Mc dramatically
increased again from 2.40 to 2.63 kg/kg. The regression
analysis suggests that the Mc was also linearly related to the
natural logarithm of air velocity with a correlation coefficient of 0.9586. However, even this trend is similar to that
for the Mc variation with air temperature; the influence of air
velocity was not as significant as that of air temperature.
Comprehensively considering the drying time and result stability, an air velocity around 1.32 (Re=15028)–1.75 m/s was
recommended to conduct the drying test. To shorten the test
time, it seems to be feasible to improve the air velocity but
not the temperature.

3.4 Effect of the initial sample depths (amount of sample)

Fig.8 presents the effect of the sample amount on the
measurement of Mc. The upper left was an enlargement of
the blue box to show the CP clearly. It indicates that the Mc
increased significantly from 2.57 to 3.35 kg/kg as the sample depth increase from 6 to 8 mm. Nevertheless, this trend
was unobvious with an average of 3.89 kg/kg and a standard deviation of 0.10 when the depth was higher than 8
mm. Although no evident relationship between the Mc and
the sludge initial depth was observed when the thickness
was beyond 8 mm, a gradual decrease in the drying rate
was observed during the falling drying period, most probably due to water transporting from inner to outside. Tsang
[36] reported that no direct relationship between the bound
water content and sludge depths could be observed when
the depth was lower than 4 mm. However, after the depth
higher than 4 mm, the increase of sludge depth would cause
a gradual decrease in the drying rate at the very beginning
of the drying test, which was attributed to sample warming
from ambient to 35 °C. Similar phenomenon can also be
observed except for the sample with a depth of 13 mm in
the current work. This difference for 13 mm sample was
ascribed to sample warming during its preparation as discussed above.

FIGURE 8 - Effect of the initial sludge depth (temperature 44.45 °C,
velocity 1.52 m/s)

FIGURE 7 - Effect of the airflow velocity (temperature 44.45 °C,
depths 6.00 mm)

The Mc was almost the same when the depth was
higher than 10 mm (as shown in Fig.8). The probable reason was that only the free water near the sample surface
was evaporated in the constant drying period. After that,
the shell or crust will be formed so that the drying process
was mainly controlled by the sludge inner diffusion properties. It indicates the water evaporation rate was affected
by sludge particles even if its moisture content was very
high. Besides that, the tray may affect the water evaporation from slurry. Because the initial drying rate was the
same, the initial depths of sample will mainly determine
the transportation distance hτ. For the sample with high initial depth, the falling rate period will come early, causing
an increase in Mc. The drying rate of the falling rate period
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will also decrease with the transportation distance hτ. After
the depth was higher than 10 mm, the effect of the initial
depth was not significant. The reason is that the sludge diffusion properties but not transportation distance hτ predominantly controls the drying process.
Fig. 9 depicts the drying behavior of the separated liquid from gravity settling in order to illustrate the possible
effect of the tray. It underwent quite a long falling rate period for about 300 minutes. However, this period should be
very short as indicated by the theoretical curve according
to the drying theory. The dying rate of the pure water
should be nearly constant, which has been verified by Lee
using hot air force convection and infrared radiation [46].
One of the reasonable explanations was that the volume reduction in water increased the diffusion distance from the
inner to outer zone of the tray, thus progressively improving heat and mass transfer resistances and simultaneously
cutting down the water evaporation rate. As a result, the
constant drying rate period becomes short or even disappears. Although the proof we offered was not so strong to
prove that the tray will definitely affect the measurement
of bound water, it does explain the behavior of CP at various depths reasonably. This result implies that the drying
test might not be applicable to evaluate the water distribution within slurry. To overcome this issue, the easiest way
is to remove some water from slurry and shape the sample.
However, mechanically dewatering is not feasible in this
case, as it will affect the distribution of sludge particles.
Therefore, the optimal method is free settling. Moreover,
the sample amount should be as small as possible.

on sample surface. The Mc kept decreasing from 3.54 to
1.89 kg/kg with the sludge initial solid concentration. It decreased sharply from 3.54 to 2.36 kg/kg as the initial solid
concentration increased from 12.08% (7.28 kg/kg, d.b) to
14.95% (5.69 kg/kg, d.b.). Similar results have also been
reported by Robinson and Knocke [11], Katsiris and Kouzeli-Katsiri [12] and Smith et al., [16] that the solid concentration will definitely affect the bound water measurement independent of the methods(dilatometric drying test,
and differential thermal analysis). Katsiris and KouzeliKatsiri [12] also stated that the bound water is dependent
on the specific surface area. After the initial solid concentration was higher than 14.95% (5.69 kg/kg, d.b.), the Mc
slightly decreased from 2.36 to 1.89 kg/kg, indicating that
the initial solid concentration had little influence on the
bound water content measurement when the sludge solid
concentration was higher than 14.95% (5.69 kg/kg, d.b.).
At a high solid concentration, the flocs were compressed
[11]. As a result, some surface water and interstitial water
would be squeezed out, resulting in the Mc decrease with the
initial solid concentration. The maximum drying rate of the
sample with a lower initial solid concentration was a little
higher than the sample with a higher initial solid concentration, but lower than that of the liquid separated from the hydrothermally treated sludge (1.10±0.04 kg/(m2·h)) excepting
the sample with water content of 7.28 kg/kg. It might be
attributed to the drop of vapor pressure because of the salt
existing in sludge and the increase in water bond strength
[24]. Lee [46] stated that the addition of salt in pure water
would drop the vapor pressure, thus reducing the drying
rate. In this study, the drying rate of sludge with a moisture
content of 7.28 kg/kg was almost the same as that of the
separated liquid. The possible reason is that the salt content
of sludge at this solid concentration is almost the same as
that of the separated liquid. This is consistent with Lee
[46]. He stated that the difference of drying rate between
solutions with various concentrations of sodium sulfate is
small comparing to that between pure water and the solution. The results show that the initial solid concentration of
sludge should be as high as possible to evaluate the water
distribution within sludge accurately.

FIGURE 9 - Comparison of drying rates
3.5 Effect of sludge initial solid concentration

Fig.10 illustrates the effect of solid concentration on
the Mc. The water evaporation rate kept decreasing with
sludge solid concentration. Under the same level, the
sludge with higher initial moisture content has a relative
lower drying rate. However, this difference became more
and more insignificant; especially after the moisture content (d.b) was lower than 1.5 kg/kg. After that, the drying
rate dropped dramatically due to the evaporation of water
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4. CONCLUSIONS
The classification of water distribution in sludge was
an interesting approach to characterize sludge dewaterability. This work focused on the influence of operating conditions of drying test on the bound water measurement and it
experimentally verified that the measured bound water varies significantly with operation conditions during the drying test. The main results are summarized as follows:
The amount of the measured bound water within
sludge varies with the drying intensity; the higher the temperature/velocity, the larger the measured bound water is.
The Mc obtained under a temperature of 31.74 °C and velocity of 1.52 m/s was close to the real dewatering test with
a value of 1.60 kg/kg.
The Mc was linearly related to the natural logarithm of
air temperature and velocity. Compared to air velocity and
other parameters, air temperature has a dominant influence
on the Mc.
The Mc increased with sample depth (amount). This
trend was very significant when the sludge depth was lower
than 10 mm, while it was negligible as the initial depth
higher than 10 mm. This was attributed to the reduction in
water evaporation rate due to the inhibition of the tray. To
overcome this issue and shorten the testing time, it is better
to reduce the sample depth (amount of sludge) and the initial moisture content of sludge.
The Mc progressively decreased with the sludge initial
solid concentration. However, when the initial solid concentration was higher than 14.95% (5.69 kg/kg, d.b.), the
sludge initial solid concentration has little influence on the
measurement of bound water content. The measured Mc depends greatly on the operating conditions in drying test and
cannot represent an intrinsic nature of sludge. To apply the
drying test, some methods should be proposed to normalize
the results with referring to other technologies, such as the
binding energy and expression tests.
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ABSTRACT
Phenolic and fatty acids are important allelochemicals
that can be used to control algal and cyanobacterial growth.
Herein, phenolic and fatty acids were extracted and isolated from the peel and seeds of pomegranate through a series of procedures, and the chemical components of the purified extracts were analyzed by gas chromatography-mass
spectrometry (GC-MS). The algal inhibitory effects of the
extracts were determined by bioassays using Microcystis
aeruginosa. The extracts contained twenty-one fatty acids
and ten phenolic acids, of which seventeen compounds
were found to be inhibitors of harmful algae. Furthermore,
several phenolic acids (protocatechuic and gallic acid) and
fatty acids (lauric, myristic, pentadecanoic, palmitic, heptadecanoic, linoleic, and oleic acids) inhibited algae strongly.
The inhibitory ratios of the crude and purified extracts on M.
aeruginosa were 69.1-97.4% when the algae were exposed
to 20.0 mg/L solutions of the extracts, and the allelopathic
effects of the purified extracts were higher than those of the
crude extracts. Thus, phenolic and fatty acids could be extracted and isolated from the peel and seeds of pomegranate, and the extracts showed significant anti-cyanobacterial
activity.

KEYWORDS: allelopathic effect; pomegranate peel; pomegranate
seed; Microcystis aeruginosa.

In recent years, the role of allelopathy in aquatic ecosystems has received increasing attention as a potential means
of controlling algal blooms [6]. Fatty and phenolic acids of
allelochemicals have been isolated and identified from
some plants [7, 8]. These two types of allelochemicals are
common secondary metabolites, which are characterized by
a low molecular weight and simple structure, and possess
strong allelopathic activities. For example, Myriophyllum
spicatum contains the allelopathic compounds hydrolyzable tannin (eugeniin), ellagic, gallic acids, (+)-catechin, pyrogallic, nonanoic, cis-6-octadecenoic, and cis-9-octadecenoic acids [7, 9, 10]. All these phenolic and fatty acids
have been shown to significantly inhibit the growth of Microcystis aeruginosa. Among those allelochemicals, nonanoic acid was found to be the most inhibitory to M. aeruginosa. Ferulic acid and ρ-hydroxybenzoic acid inhibit the
growth of Anabaena flosaquae and Chlorella pyrenoidosa
[11], and long-chain fatty acids strongly inhibit the growth
of Selenastrum capricornutum. These results clearly indicate that some phenolic and fatty acids can be used to control the growth of algae.
Some terrestrial plants contain considerable amounts of
phenolic and fatty acids, which have the potential to be developed as inhibitors of harmful algae [12, 13]. The objectives of the present study were to determine the polyphenol
contents and potential allelopathic activity of pomegranate
peel and seeds against Microcystis aeruginosa. Phenolic and
fatty acids from two plant materials were extracted and identified to understand their chemical properties.

1. INTRODUCTION
2. MATERIALS AND METHODS
Frequent outbreaks of cyanobacterial blooms in eutrophic water bodies have been a great threat to water resources in recent years [1]. These blooms can negatively impact the freshwater ecosystems, including releasing toxins
that are lethal to animals and humans [2, 3]. The removal
and/or control of cyanobacterial blooms is an important step
in the restoration and protection of lake ecosystems [4, 5].
* Corresponding author

2.1 Chemicals

Anhydrous sodium sulfate (AR) and dimethyl sulfoxide (DMSO, AR) were purchased from Chemical Reagent
Company (Shanghai, China). Acetone, ethyl acetate and nhexane (HPLC) were purchased from Tedia Company, Inc.
(USA). N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA)
was purchased from Sigma-Aldrich (St. Louis, MO, USA)
for use in silanization.
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2.2 Preparation of plant materials extracts

Pomegranate peel and seeds were naturally dried on
trays away from sunlight at room temperature. The dry
weights of the peel and seeds were measured, and the each
material was powdered to obtain 20-mesh particles. Next,
5 g of the powder was extracted with 100 mL of 70% acetone at room temperature (25 °C) for 24 h. The extract was
filtered through GF/C glass fiber filters (47 mm, 1.2 μm,
purchased from Whatman Maidstone, UK) for particle removal. After removing the acetone by reduced pressure
distillation at 35 °C, the aqueous solution of phenolic allelochemicals was obtained. The polyphenol content was determined according to Cai et al. [14]. Solid phase extraction
(SPE) was employed to extract the phenolic allelochemicals from the aqueous solution. Before SPE, each Oasis
HLB cartridge (500 mg, 6 cc, Waters, Milford, MA, USA)
was preconditioned with 15 mL of methanol and equilibrated with 15 mL of Milli-Qultra-pure water. The aqueous
solution was passed over the cartridge at a rate of 3 mL/min.
Next, the adsorbed cartridges were washed with ultra-pure
water, dried under reduced pressure, and finally eluted with
18 mL of methanol per cartridge. The eluted methanol was
evaporated by a rotary evaporator at 40 °C. The crude phenolic allelochemicals were re-dissolved in ultra-pure water.
To separate and purify the phenolic allelochemicals, the
aqueous solution was adjusted to pH 12 using 2 M NaOH,
and the alkaline extract was centrifuged at 6,000 rpm for
10 min. The supernatant was transferred to a separating funnel
and washed three times with 200 mL of hexane. The aqueous
fraction was acidified to pH 5 using 2 M HCl and then extracted three times with 100 mL of ethyl acetate. The ethyl
acetate extracts were first dried with anhydrous sodium sulfate
and then evaporated to dryness by a rotary evaporator at
39 °C. The purified phenolic allelochemicals were stored at
4 °C until use in GC-MS analysis and biological assay.

nese Academy of Sciences. The algae were cultured in sterilized BG11 medium (pH 7.4) at 25 °C with a light intensity
of 2500 lux and 12:12 h light:dark cycle. The algae were cultured for 4 days to reach the exponential phase with a density
of 105 - 106 cells/mL and then used for the growth inhibition assay. The growth medium used in all cultures was
BG11 [15].
The concentration-response relationships between the
allelochemicals and the tested organisms were studied in
50-mL flasks containing 25 mL of test solution, to which
106 cells mL−1 of M. aeruginosa were inoculated. The
tested organisms were exposed, in triplicate, to one concentration level and a control. The final concentration of
the extracts in the test solution was 20 mgL−1 for the crude
and purified phenolic allelochemicals obtained from pomegranate peel and seeds. The inhibition ratio of every extracts based on the cell density of the tested organisms and
control was determined after exposure for 72 h. The stock
solutions of extracts were prepared with DMSO, the concentration of which was less than 0.2% (v/v) in the test solution. The test results indicated that the concentration of
DMSO added had no effect on the growth of the tested organisms.
2.4 Identification of allelochemical

The purified phenolic and fatty acids were analyzed by
GC-MS (Agilent computerized system consisting of a 6890
gas chromatograph coupled to an Agilent 5973N quadrupole mass spectrometer) using a HP-5MS capillary column
(30 m × 0.25 mm × 0.25 mm id). The oven temperature was
programmed as follows: 60 °C (initial temperature, maintained for 1 min), heated to 260 °C at a rate of 4 °C/min, and
maintained for 20 min. Helium was used as the carrier gas
with a flow rate of 1 mL/min. The mass fragments of the
components were compared to the NIST 02 mass fragmentation data.

3. RESULTS
The results showed that the polyphenol contents of the
peel and seeds were 16.7% and 0.572%, respectively. The
total polyphenol content of the peel was markedly higher
than that of the seeds.
The components of the extracts from pomegranate peel
and seeds were presented in Table 1. Thirty-one organic
acids were detected in the extracts of the two plant materials. The compositions of the organic acids differed between
the two plant materials: 16 organic acids were found in the
peel extract, while 24 were found in the seeds extract.
FIGURE 1 - Flow diagram for extraction of phenoilc and fatty acids
from pomegranate peel and seeds
2.3 Bioassay

Axenic M. aeruginosa were obtained from the Culture
Collection of Algae at the Institute of Hydrobiology, Chi-

The inhibition ratios of extracts on M. aeruginosa were
presented in Table 2, where the crude and purified extracts
from Pomegranate peel showed the inhibitory ratios of
85.3% and 97.4%, respectively, while these from Pomegranate seeds showed 69.1% and 81.6%, respectively. By
comparing, the crude and purified extracts exhibited significant anti-cyanobacterial activities, and the allelopathic
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effects of the purified extracts were higher than those of the
crude extracts.
TABLE 1 - Main phenoilc and fatty acid compounds from Pomegranate peel and seeds
Rent time
(min)
9.42
9.75
11.16
12.84
13.70
14.88
15.32
15.87

Compounds

lactic acid
glycollic acid
oxalic acid
malonic acid
benzoic acid
phenylacetic acid
butanedioic acid
2, 3 - dihydroxy
propionic acid
17.46
phenylpropionic acid
19.20
hydroxysuccinic acid
20.06
cinnamic acid
21.69
p-hydroxybenzoic acid
22.11
lauric acid
23.02
suberic acid
23.77
tricarballylic acid
24.08
cis-Aconitic acid
24.14
p-Hydroxybenzene
propanoic acid
24.24
vanillic acid
24.67
terephthalic acid
24.93
myristic acid
25.27
protocatechuic acid
26.73
pentadecanoic acid
27.68
gallic acid
28.43
palmitoleic acid
28.73
palmitic acid
29.81
heptadecanoic acid
31.27
linoleic acid
31.34
oleic acid
31.64
stearic acid
34.34
arachidic acid
36.85
behenic acid
“+”detectable, “–”undetectable

Pomegranate Pomegranate
peel
seeds
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
-

+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+

inhibitory
85.3%
ratio

Compounds
lactic acid
benzoic acid
butanedioic acid
cinnamic acid

Pomegranate Pomegranate
seeds
peel
(crude)
(purified)

Pomegranate
seeds
(purified)

69.1%

81.6 %

97.4 %

Nakai et al. [17] found that ellagic, pyrogallic and gallic acids and (+)-catechin, released simultaneously by M.
spicatum, exerted a synergistic inhibition action on M. aeruginosa growth when exposed in the mixing proportions
based on the contents determined in the culture solution.
Vanillic, protocatechuic, ferulic and caffeic acids exuded
from Hydrilla verticillata and Vallisneria spiralis exerted
additive and synergistic inhibition activity against the
growth of M. aeruginosa depending on their mixing ratios
[8]. Many related reports have shown the synergistic effects of phenolic and fatty acids [18-21]. These results indicated that the synergistic effect of allelochemicals may
play an important role in the inhibition of undesired algae
by allelopathic phenolic and fatty acids.
TABLE 3 - EC50 (mg/L) of seventeen allelochemicals on several algae

TABLE 2 - Inhibitory effects of crude and purified extracts from
pomegranate peel and seeds on growth of M. aeruginosa
Pomegranate
peel
(crude)

obliquus, Monoraphidiu mcontortum, and Chlorella vulgaris) in particular.

4. DISCUSSION
Some phenolic and fatty acids, isolated from barley
straw, M. spicatum and Myriophyllum verticillatum, could
be released into surrounding waters to inhibit algae growth
[7, 9, 12-13, 16-17]. In this study, seventeen identified phenolic and fatty acids were found to be significantly active
against some harmful algae (Table 3). As seen in Table 3,
several phenolic acids (protocatechuic, gallic acid) and
fatty acids (lauric, myristic, pentadecanoic, palmitic, heptadecanoic, linoleic, and oleic acid) had especially strong
inhibition toward algae. Palmitic, linoleic, oleic, and stearic acid could inhibit the growth of six kinds of algae (M.
aeruginosa, C. pyrenoidosa, S. capricornutum, Scenedesmus

EC50 (mg/L)
Algae
199±5i
M. aeruginosa
69.3±4.0g
M. aeruginosa
M. aeruginosa
117±3i
M. aeruginosa
72.159b
Scenedesmus arcuatus
113.795b
M. aeruginosa
p-hydroxybenzoic acid 30.5±0.7g
M. aeruginosa
lauric acid
4.563k
Chlorella pyrenoidosa
6.265k
Scenedesmus obliquus
5.813k
Selenastrum capricornutum
10.36c
M. aeruginosa
cis-aconitic acid
118±3i
M. aeruginosa
vanillic acid
59.23a
M. aeruginosa
myristic acid
12.799±0.471j
Chlorella pyrenoidosa
16.003k
Scenedesmus obliquus
15.977k
Selenastrum capricornutum
18.65c
M. aeruginosa
protocatechuic acid
3.0f
Selenastrum capricornutum
pentadecanoic acid
0.26d
M. aeruginosa
gallic acid
1.0e
M. aeruginosa
palmitic acid
17.167±0.794j
Chlorella pyrenoidosa
19.876k
Scenedesmus obliquus
20.146k
Selenastrum capricornutum
35.46c
h
Monoraphidiu mcontortum
9.2±0.6
Chlorella vulgaris
59.1±1.5h
Selenastrum capricornutum
heptadecanoic acid
4.58(IC25)d
M. aeruginosa
linoleic acid
0.042±0.012j
Chlorella pyrenoidosa
0.089k
Scenedesmus obliquus
0.059k
Selenastrum capricornutum
17.27c
h
Monoraphidiu mcontortum
8.0±0.1
9.4±0.2h
Chlorella vulgaris
M. aeruginosa
oleic acid
1.332k
k
Chlorella pyrenoidosa
1.475
Scenedesmus obliquus
1.406k
Selenastrum capricornutum
8.08c
Monoraphidiu mcontortum
12.1±0.9h
Chlorella vulgaris
12.4±0.3h
M. aeruginosa
stearic acid
19.849k
Chlorella pyrenoidosa
20.849k
Scenedesmus obliquus
20.754k
Selenastrum capricornutum
40.27c
Monoraphidiu mcontortum
177±15h
Chlorella vulgaris
200±25h
a quoted from [22]; b quoted from [23]; c quoted from [21]; d quoted from
[24]; e quoted from [17]; f quoted from [10]; g quoted from [18]; h quoted
from [25]; i quoted from [26]; j quoted from [27]; k quoted from [19]
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Previous reports showed that the mechanisms of allelochemical inhibition on algal growth were based on four main
actions: destruction of cell structure, alteration of algal photosynthesis, respiration and enzymatic activities [28-30]. In
recent years, further studies have been conducted on the
mechanism of allelopathy. For example, Zhu et al. [20] found
that pyrogallic acid (PA) (2.97 mgL-1) and gallic acid (GA)
(2.65 mgL-1) reduced the activities of photosystem II (PSII)
and the whole electron transport chain in M. aeruginosa by
71.43 and 18.37% (PA) and 70.95 and 40.77% (GA) (P <
0.05), respectively, after 24 h of exposure. PSII in cyanobacteria was considered to be one of the targets attacked by
allelopathic polyphenols. (+)-Catechin (CA) and pyrogallic acid (PA) could induce the formation of reactive oxygen
species (ROS) in M. aeruginosa and Pseudokirchneriella
subcapitata [31]. Under the exposure to 25 mg L-1 CA, the
ROS in M. aeruginosa was 1.2, 1.4 and 1.8 times that of
the control after 1, 2 and 4 h of exposure, respectively. The
corresponding values for P. subcapitata cells were 3.7, 6.2
and 7.7 times those of the control, respectively. The levels
of intracellular ROS in P. subcapitata significantly increased under PA exposure (P < 0.01), and ROS generation
was observed in M. aeruginosa after 4 h of exposure. These
results suggested that the oxidative stress induced by the
redox cycling property of allelochemicals might be an important reason for the inhibitory effect of some excretive
allelochemicals from macrophytes towards undesired phytoplankton in natural aquatic ecosystems. The gene expressions related to the allelopathy mechanism were also studied. The expressions of psbA and mcyB in M. aeruginosa
increased under exposure to 4 mg L-1 pyrogallol, and those
of prx and fabZ increased under exposure to even just 1 mg
L-1 pyrogallol [32].

[3]

Li L., Xie P., Lei H. H. and Zhang X. Z. (2013) Renal accumulation and effects of intraperitoneal injection of extracted
microcystins in omnivorous crucian carp (Carassius auratus).
Toxicon, 70:62-69

[4]

Li M., Liu D. Q., Shen S. D., Yuan W., Jiang H. Y. and Cai Y.
(2007) The researching process of ecological restoration of eutrophication lake in China. Research of Soil and Water Conservation, 14(5):350-352, 355 [In Chinese]

[5]

Wang Z. C., Li D. H., Qin H. J. and Li Y. X. (2012) An integrated method for removal of harmful cyanobacterial blooms
in eutrophic lakes. Environmental Pollution, 160:34-41

[6]

Pakdel F. M., Sim L., Beardall J. and Davis J. (2013) Allelopathic inhibition of microalgae by the freshwater stonewort,
Chara australis, and a submerged angiosperm, Potamogeton
crispus. Aquatic Botany, 110:24-30

[7]

Nakai S., Yamada S. and Hosomi M. (2005) Anti-cyanobacterial fatty acids released from Myriophyllum spicatum. Hydrobiologia, 543(1):71-78

[8]

Gao Y. N., Liu B. Y., Xu D., Zhou Q. H., Hu C. Y., Ge F. J.,
Zhang L. P. and Wu Z. B. (2011) Phenolic compounds exuded
from two submerged freshwater macrophytes and their allelopathic effects on Microcystis aeruginosa. Polish Journal of
Environmental Studies, 20(5):1153-1159

[9]

Gross E. M., Meyer H. and Schilling G. (1996) Release and
ecological impact of algicidal hydrolysable polyphenols in
Myriophyllum spicatum. Phytochemistry, 41(1):133-138

[10] Nakai S., Inoue Y. and Hosomi M. (2001) Algal Growth Inhibition Effects and Inducement Modes by Plant-producing Phenols. Water Research, 35(7):1855-1859
[11] Zhang T. T., Wu A. P., He M. and Nie L. W. (2007) The allelopathic inhibition and allelopathic mechanism of phenolic acids on algae in water bloom. China Environmental Science,
27(4):472-476 [In Chinese]
[12] Tang C. S. and Waiss Jr A. C. (1978) Short-chain fatty acids
as growth inhibitors in decomposing wheat straw. Journal of
Chemical Ecology, 4(2):225-232
[13] Pillinger J. M., Cooper J. A. and Ridge I. (1994) Role of Phenolic Compounds in the antialgal activity of barley straw. Journal of Chemical Ecology, 20(7):1557-1569
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MODELLING CANOPY STOMATAL
CONDUCTANCE OF AFFORESTATION TREE
SPECIES IN SEMIARID NORTHWESTERN CHINA
Jifeng Deng1,3, Guodong Ding1,2,* and Guanglei Gao1,2
2
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SHB: Stem Heat Balance
PM: Penman-Monteith
ET0: Daily reference evapotranspiration
P: Precipitation
gs: Canopy stomatal conductance
SFd: Daily sap flow rate
Js: Hourly sap flow rate
SWC: Soil moisture content
ASW: Amount of soil water
Ta: Mean air temperature
Ws: Wind speed
Rn: Solar radiation
PAR: Photosynthetic active radiation
RH: Relatively Humidity
VPD: Vapour pressure deficit
DVP: Canopy vapour pressure deficit
REW: Relative extractable water
RMSE: Root mean square error
MAE: Mean absolute error
MRE: Mean relative error
DOY: Day of year

ABSTRACT
Canopy stomatal conductance is an important parameter in eco-hydrological studies. Better understanding its responses to environmental factors and developing mechanism-based models of forest transpiration can offer a theoretical basis for reasonable afforestation in the semi-arid
region. In this paper, the thermal diffusion and stem heat
balance methods were adopted to measure sap flow of two
tree species (Pinus sylvestris var. mongolica and Populus
bolleana Lauche) in Ningxia province, China, from May to
October 2011. The related environmental factors were simultaneously observed. The obtained data were applied to the
Jarivs-type model and the model did accurately simulate the
diurnal patterns of stomatal conductance. Time lags in canopy transpiration during the measurement period were 60120 minutes. The stomatal conductance of both tree species
were responded to environmental factors following nonlinear pattern. In Pinus sylvestris var. mongolica model,
photosynthetic active radiation was the main driving factor
with the driving threshold of 0~0.1 m mol m-2 s-1. The canopy vapour pressure deficit was another limiting factor
which was negatively correlated to the canopy stomatal
conductance when relative extractable water was less than
60%. In Populus bolleana Lauche model, the optimal air
temperature for stomatal opening was 22°C. The canopy
stomatal conductance values became less sensitive and the
canopy vapour pressure deficit was the dominant driving
force at solar radiation above 600 W m-2.
KEYWORDS: Canopy stomatal conductance; Populus bolleana
Lauche; Pinus sylvestris var. mongolica; Jarvis-type model

ABBREVIATIONS
P. bolleana: Populus bolleana Lauche
P. mongolica: Pinus sylvestris var. mongolica
TDP: Thermal Dissipation Probe
* Corresponding author

1. INTRODUCTION
A key factor in modeling fluxes in forest ecosystems
for which no clear consensus exists is stomatal conductance [1]. The canopy stomatal conductance (gs) responds
to both the atmospheric and rhizospheric environments.
The atmospheric environmental variables such as air temperature (Ta), relative humidity (RH), solar radiation (Rn)
and wind speed (Ws) can directly impact the leaf and its
boundary layer. The factors of rhizospheric environment
greatly affect root water status [2]. Several empirical models of canopy stomatal conductance responses to above factors have been established [3] with the most commonly
used models are Jarvis (1976) [4], Ball-Berry (1987) and
Leuning (1995) models [5]. Among these stomatal conductance models, the Jarvis-type model has been widely
used due to its accountability, utility and manipuility.
Moreover, the model can incorporate a specific soil water
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stress function by including a response function to soil water deficit and analysis each environment variables separately [3]. Though the effect of individual environment factor has been well studied through these models. But a wide
range of model types and variables indicate that there is an
incomplete knowledge of interactions among environmental variables, which leads to a failure to represent plant
physiological parameters accurately. Thus a significant
convergence in the structure of multilayer models and the
algorithms are needed [6].
In decades, there are many ways to measure plant transpiration, the common techniques used for large-diameter
(>50 mm) trees are the thermal dissipation probe (TDP) [7,
8], and stem heat balance (SHB) methods [9]. The advantages of thermal dissipation sensor systems are that the
alignment of the probes is not as critical, the sensors are
cheap and easy to manufacture, and are readily interfaced
with data loggers for remote operation [10, 11]. So far, the
thermal dissipation technique has been widely used to
measure the trunk sap flow [12-16]. The merit of SHB
technique is invasive, do not affected by its installation position and sap flow measurements can provide an accurate
method for determining the transpiration from a single tree
[17, 18]. Because of the long time monitoring is practicable
[18]. Thus, accurate measurements of transpiration and the
use of Penman-Monteith (PM) equation to estimate the diurnal and seasonal change of canopy stomatal conductance
are feasible [19, 20].
In our study, Populus bolleana Lauche (P.bolleana)
and Pinus sylvestris var. mongolica (P.mongolica) tree
species were selected due to their typical semi-arid ecological characteristics, mainly on wind-sheltering and drought
resistance. In history, large area afforestation of P. bolleana and P. mongolica were first introduced in the Yanchi
County in 1998. Since 2005, there were nearly 3000 hectares of the total afforestation area with the survival rate
higher than 90 %. Till 2013, afforestation area was increased to 5000 hectares with the two tree species dominate
the farmland shelter-belt system in the arid region of northeastern China which has significant benefits to the environment, economy and society.
Transpiration eco-hydrological research indicates that
plants regulate stomatal conductance in response to variations in environmental variables. Previous studies have
mainly focused on the effect of environmental factors on
plant physiology separately. However little is known about
the interactions among these variables. Besides, few studies have been conducted on the quantitative relationship
between stomatal conductance in afforestation tree species
response to climatic and soil variables [21], and little research has been carried out on P. bolleana and P. mongolica in the semi-arid area, where determining the impact of
sap flow patterns is much more difficult [22, 23]. With few
rainfall events and abundant sunshine, the weather in Yanchi county of Ningxia autonomous province is more dynamic than in other arid regions which characterized by
summers with long water deficit periods and large amounts

of solar radiation, air temperature, vapor pressure deficit
(VPD), those variables are greatly depend on each other.
The knowledge about the water requirements and physiological response to environmental factors of these afforestation species are quite limited, so a better understanding
of transpiration by desert plants is strongly required [23].
Therefore, the objectives of this study were (i) to estimate the stomatal conductance from sap flow measurements by inverting the Penman-Monteith equation and test
its accuracy and coherency. (ii) to determine how the environmental factors affect the stomatal conductance under
natural conditions, and (iii) to find the restriction values
(the stomatal conductance values were minimized) in order
to reflect plant physiological parameters accurately.

2. MATERIALS AND METHODS
2.1 Site descriptions and plant material

The experimental area was located in Ningxia Yanchi
Research Station of State Forestry Administration (between 37°04´N and 38°10´N, and between 106°300´E and
107°410´E, with altitude 1354 m above sea level) (Figure 1),
covering an area of approximately 8,100 km2. The climate is
dominated by a semiarid continental monsoon of the midtemperate zone. The annual precipitation averages 287 mm
(year of 1950~2010). About 70% of the total precipitation
occurred from July to September. Mean annual potential
evaporation is 1273 mm. Mean annual temperature of
around 8.1℃. The prevailing wind is mainly from the northwest, and wind speed averages 2.6 m s-1. The landscape is a
typical transitional zone, the terrain changes from the Loess to the Ordos plateau. Soils are primarily dark loessial
soil, eolian sandy soil and sierozem soil.

FIGURE 1 - Location of Ningxia Yanchi Research Station of State
Forestry Administration
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P. bolleana and P. mongolica, main tree species of the
farmland shelter-belt system in the arid region of northwest
China, have some notable ecological characteristics, such
as thermophilic, light-liking, wind-sheltering and drought
resistance, etc., and some advantages, such as rapid growing, strong-adaptable, and pest- and insect-resistance, etc.
The phenological characters of P. bolleana and P.
mongolica are clearly indicative of an adaptive function to
the local environment. The tree species returned green on
April, bloomed on May, fructified on June, became mature
on June, and began to wither and turned yellow on October.
During our research, two P. bolleana trees and one P.
mongolica plant were carefully selected for monitoring
based on diameter class (selection sample trees were formulated as tree diameter at breast height (DBH) equal to
the mean trees). The basic characters of the plants such as
height, coverage were also investigated.
2.2 Field set up of sap flow system and leaf area measurement

The SHB method (Dynagauge, Dynamax Inc., Houston, USA) was applied to the stem of 7 years P. mongolica
(the height is 2.0 m and canopy is 1.2 m × 1.2 m); The TDP
method (Dynagauge, Dynamax Inc., Houston, USA) was
used for the stems of 12 years P. bolleana (the height of
which are 10.5 m, 10.0 m and canopy of which are 4.2 m ×
4.2 m, 3.9 m × 3.8 m) during the periods from 1st May to
15th October, 2011. The theory and methodology of using
sap-flow gauges are described in details [17, 19]. The leaf
area was obtained using LAI-2000 apparatus (LI-Cor Co.,
Lincoln, Nebraska., USA), every 15 d from May to October.

G is Soil heat flux density (W m-2);
Ta is average temperature at 2 m above the ground level
(℃);
es is saturated vapour pressure (KPa);
ea is actual vapour pressure (KPa);
△ is vapour pressure slope of curves (KPa ℃-1);
γ is psychometric constant (65.5 KPa ℃-1).
2.4 Canopy stomatal conductance calculation

Canopy stomatal conductance was calculated using reversed PM equation which was described by Jarvis [4].

gc 

Rn  CpVPDga   (   ) / Ec

(2)

Where:
Rs is shortwave radiation (W m-2);
Rn=0.8 Rs;
λ is latent heat of moisture evaporation (2465 J g-1);
ra is the leaf boundary layer resistance (s m-1).
ga is the aerodynamics conduction degree (m s-1);
gc is canopy conductance (m s-1).
Ec is transpiration rate was calculated by sap flow rate
and canopy size (L m-2)

1 1 1
 
gs gc ga

(3)

Where:
gs is canopy stomatal conductance.

1 {ln  ( zh  zd ) / z 0 }

ga
uk 2

2

2.3 Meteorological measurements

Meteorological data were obtained using an on-site
meteorological monitoring station (Campbell Scientific
Inc., Logan, UT, USA). The unit contains one CR3000, one
CNR4 net radiation sensor, two PAR-LITE; one CMP3 total radiation sensor, one 034B anemometer, one HMP155a,
two ombrometer sensors, six si_111 Infrared temperature
sensors, measuring solar radiation, photosynthetic active
radiation (PAR), net radiation, relative humidity, wind
speed, precipitation (P) and air temperature, respectively.
All variables were measured every 15 minutes at a frequency of 10 Hz. Soil moisture content (SWC) was obtained using a soil volumetric moisture detector (HH2 Soil
Moisture Probe type ML2x and Meter type HH2) (Dynamax Inc., Houston, TX, USA) at soil depths between
0~100 cm.
The reference evapotranspiration (ET0) was calculated
using the PM equation over the experimental period.

ET 0 

 Ecga

(4)

Where:
zh is reference height above canopy (m);
zd is shift height(m), zd=0.67 hc;
hc is average height of canopy (m);
z0 is roughness (m);
z0 =0.123 hc;
k is karman constant number (0.41).
2.5 Environmental factors pretreatment

DVP (KPa) is canopy vapour pressure deficit:

DVP  0.611

(100  RH )
17.502Ta
exp(
) (5)
100
Ta  240.97

Soil moisture content data were converted to relative
extractable water (REW, % ), defined as:

900
 ( e s  ea )
Ta  273
(1)
   (1  0.34) 

0.408 ( Rn  G )  

Where:
ET0 is reference evapotranspiration (mm d-1) ;
Rn is Net radiation (W m-2);
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REW 

W  Wm
WFC  Wm

(6)

Where:
W is the soil moisture content in the root zone;
Wm is the permanent wilting point (e. g. lower limit of
water availability);
WFC is the soil moisture content at field capacity [24].
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2.6 Modelling canopy stomatal conductance

The gs determines transpiration efficiency of forest, it
is necessary to dig further into the underlying mechanism
that controlling the canopy transpiration by taking the coordination of stomatal conductance with whole-tree hydraulic conductance into account (time lag effect, influence
factors, etc.).
The phenomenological model described by Jarvis
(1976) provides a practical approach for interpreting field
measurements of stomatal conductance in relation to environmental variables. The response of gs to each environmental variable is described by a nonlinear function and it
is assumed that each variable acts independently:

2.8 Canopy stomatal conductance of P. mongolica response
to single environmental factor analysis

The gs of P. mongolica is a combination of PAR, REW
and DVP’s performance. However, the interaction of these
environmental factors should not be neglected, and some
certain kind of combination of the environmental factors
may play a role in determining plant respiration. In order
to make clear of each certain environmental factor driving
pattern. Other factors interference should be excluded.
Also data of gs during rainy days and drought conditions
(when REW<0.4) were not used. Then selected data were
corrected and standardized by using the formula 15, 16, 17.

gs  gs max f 1(Q), f 2(T ), f 3( D), f 4(q)...etc... (7)
Where:
gs max is maximum of gs (mm s-1);
LAI is leave area index (m2 m-2);
In this paper, we adopted Javis-type model to construct
canopy stomatal conductance model, and consider all these
factors as previously mentioned, the models are described
below:
Model 1 (P. Mongolica):
f (PAR), f (DVP)and f (REW) were defined as:

kPARPAR
f ( PAR) 
1  kPARPAR
1
f ( DVP) 
1  kDVPDVP
1
f ( REW ) 
1  ( REW / hREW )  kREW

(9)
(10)

Model 2 (P. bolleana):
f (Rn), f (DVP) adopted the same models form above. f
(Ta) define as:
(11)

2.7 Error analysis

Root mean square error (RMSE), mean absolute error
(MAE) and mean relative error (MRE) were used to analyze
errors between calculated values and the measured values.
1

2
 ( gc ( measured )  gs (estimated ))  (12)

1
  gc ( measured )  gs (estimated ) 
n
1
  gc ( measured )  gs (estimated )
n
MRE 
gc ( measured )

MAE 

(15)

g s  DVP 

gs / gs  max
f ( PAR) f ( REW )

(16)

g s  REW 

gs / gs  max
f ( PAR) f ( DVP)

(17)

Where:
gs-PAR, gs-DVP and gs-REW are standardized gs.
We analyzed the time lag effect on hourly sap flow and
canopy transpiration by using Pearson correlation program
and daily sap flow respond to the meteorological variables
by using Kendall’s tau correlation matrix program using
version 21.0 of the SPSS software (IBM Inc., NC, USA).
Data processing and plotting were completed with software
OriginPro 9.0 (OriginLab Inc., Northampton, MA, USA).

Where:
hREW is relative extractable water (%) when gs values
reach maximum [24].

1
RMSE  
N

gs / gs  max
f ( DVP) f ( REW )

2.9 Statistical analysis

(8)

f (Ta )  1  kTa (Ta  Ta  max) 2

g s  PAR 

2

(13)

(14)

3. RESULTS AND DISCUSSION
3.1 Environmental variables

During the study period from May to October (Day of
year (DOY) 147~290), 2011, the frost-free period was about
128 days. Figure. 2, 3, 4 illustrated the variations in the meteorological variables at the study site. Total ET0 during the
study period was 938.57 mm, relative to total P of 287 mm.
P was highest during the summer in the form of intensive
storm with short period typically less than a day. In P. mongolica land, the average evapotranspiration rate was 0.289
mm d-1, while in P. bolleana land, the average evapotranspiration rate was 0.287 mm d-1. The Ws averaged 2.42 m s-1,
with range from 1.27 m s-1 to 6.18 m s-1 during the study
period. Ta, VPD, RH, Rn and PAR with the minimum values
occurring mostly after a rainfall event followed by increasing values and reaching the maximum values before the next
rainfall during the summer time. Throughout the study, the
average of these values are 13.95℃, 1.06 KPa, 66.63%,
81.48 W m-2 d-1 and 323.90 u mol s-2 m-2 , respectively. SWC
differed over seasons. Generally SWC increased during the
rainy days, and sharply declined after the precipitation event
(compare Figure 2 and Figure 5).
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FIGURE 2 - Diurnal variation of daily reference evapotranspiration rate (ET0 shaded area) and precipitation (P column) over the experimental
period (1st May-15th October 2011)

FIGURE 3 - Seasonal variation of evapotranspiration per unit land area where P. mongolica (full line) and P. bolleana (dotted line) naturally
habitats over the experimental period
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FIGURE 4 - Patterns of variation in the meteorological variables over the experimental period

FIGURE 5 - Seasonal variation of soil moisture contents (SWC lines) measured in 0-100 cm soil layer over the experimental period
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3.2 Time lags effect on hourly sap flow and canopy transpiration

Transpiration is influenced indirectly by leaf water potential through its effect on the stomatal aperture of plants.
However the imbalance between water uptake and loss
caused transient changes in internal water deficits which
were closely correlated to the dynamics of the leaf water
potential. This imbalance phenomenon is known as time
lag, occurring between the rate of change in the stored water and the stem diameter, this could be due to a high radial
hydraulic resistance between the water storage compartments in the stem and the conducting xylem tissue [25, 26].
A time lag between hourly sap flow (Js) and canopy transpiration has been often reported, even when the vapour
flux above a stand was directly measured [27] or it was estimated by a model [28-29]. The time lag effect was mostly
observed in arbor trees [29-31], the values being typically
in the range of 60~120 min in broadleaved species, and
about 90 min in the coniferous species [32]. So calculating
gs from Js requires corrections for the lag between water
uptake and transpiration [36]. Commonly, the lag is estimated from a formal time series analysis of environmental
variables and Js [37, 38].
During this study, the experimental time was divided
into two time periods (see Figure 6): Period A (DOY
147~212, defined as a rapid growth rate time period) and
Period B (DOY 213~290, relatively steady growth rate
time period). Js and two main driving forces (Ws and Rn)
were selected. By using Pearson correlation analysis (time
range from -180~180 min) and imposing systematic time
shifts, the time lag values (maximum value of R2) were determined. The results showed that the Js lagged behind Ws,
but before Rn. Time lag of P. mongolica in both Period A

(Figure 7a) and Period B (Figure 7b) were 90 min. Time
lag of P. bolleana in Period A (Figure 7c) was 120 min,
and in Period B (Figure 7d) was 60 min.
In general, the increasing intensity of Rn and Ta during
the beginning of the growth stage (Period A) induce stomatal opening, thereby accelerating Js due to the high evaporative demand from the canopy. As a result, Js of P.mongolica and P. bolleana typically begins about 90~120 min
later in the stems because of the morning lag in the response of stems to light; this can be explained by water capacitance in the stem, a slow stomatal response to light, and
boundary layer dynamics. In contrast, low Js can be caused
by low Ta, Rn, and VPD during the late of the growth stage
(Period B). But the cells of the plant are provided with water and nutrients after a rainfall period, which increases the
plant’s ability to respond to changes in light intensity and
the time lag effect was becoming less obvious, which
agrees with our results. Based on above time delaying analysis, then we have such time lags staggered to calculate the
plant transpirations.
3.3 Diurnal variations of mean sap flow rate response to meteorological parameters

In P. mongolica woodland, the SFd of P. mongolica
was affected by the amount of soil water (ASW). The correlations between the SFd and the ASW in different layers
(0~100 cm) were analyzed. The results indicating that
ASW in the 20~80 cm layer was highly related to the SFd
(0.469≤R2≤0.677), implying that the ASW in the 20~80 cm
layer was quite important to the growth of P. mongolica in
this region. So this range of layers were selected to calculate REW values.

FIGURE 6 - Whole tree leaf area (full line) and leaf area index (dotted line) of P. bolleana and P. mongolica over the experimental period
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FIGURE 7 - Correlation coefficients between hourly sap flow (Js) (a, b represent P. mongolica) (c, d represent P. bolleana) and solar radiation
(Rn), wind speed (Ws)

TABLE 1 - Kendall’s tau correlation matrix between daily sap flow (SFd) and the meteorological variables a
Factors
REW
Rn
Items
Ta
P. bolleana
-0.217**
0.360**
-0.316**
P. mongolica
0.391**
-0.325**
0.316**
a
*
**
The values marked and mean they are significant at P < 0.05 and P < 0.01, respectively

To better understand the underlying mechanism that
controlling the canopy transpiration, is to integrate the
measurements of SFd as well as simultaneous recodes of
environmental factors [33, 34]. During our study, data of
SFd were standardized (by calculation of sap flow rate per
leaf area). The Kendall’s tau values indicated that PAR,
DVP and REW had the strongest influence on SFd of
P.mongolica, R2=-0.445, -0.602 and 0.360 respectively;
While Ta, Rn and DVP had the strongest influence on SFd
of P. bolleana, R2=0.391 and 0.319 respectively (Table 1).
In addition, SFd of P.mongolica was positively related to
Ws (P < 0.01) and negatively related to Ta; SFd of P. bolleana was positively related to PAR and Ws, and negatively
related to REW, but the relevancies are not remarkable.
3.4 Canopy stomatal conductance as calculated from reversed
PM function

By using reversed PM function to calculate the gs of P.
mongolica and P. bolleana. The gs had distinct diurnal variations in sunny days of 11th and 12nd August as shown in
Figure 8. The gs of P. mongolica was increase sharply
along with the sun rise, and with apparent multi-peak curve
suggested that gs of P. mongolica had significant ‘noon depression’ phenomenon compare to the gs of P. bolleana. gs
increased gradually after 8:00 hours, reached a peak at

PAR
-0.445**
0.261**

Ws
0.243**
0.037**

DVP
-0.602**
0.319**

11:00 hours (P. bolleana); at 9:00, 11:00 and 16:00 hours
(P. mongolica) , then gradually decreased and became 0
after 20:00 hours. There was substantial gs at night and before dawn, indicating that there was still transpiration and
this was same with other desert plants such as Caragana
korshinskii and Calligonum arborescens [34].
3.5 Canopy stomatal conductance modeling and verification

In decades to calculate canopy stomatal conductance,
the Jarvis-type, Ball-Berry and Leuning models were commonly used. Among these models, the Jarvis-type model
showed the clearest effect of environmental factors on optimized maximum of gs values. Because of the large number of parameters, the effects of the different physical driving variables such as Rn, Ta and VPD could be distinguished clearly from the effect of soil water stress [35]. According to Jarvis description, the relationship between gs
and environmental variables are described in a nonlinear
way, where the gs-max is reduced by stress functions, which
are assumed to act independently.
Tables 2 and 3 summarize the obtained parameter values and simulated results. In P. mongolica model, the standard deviation of kPAR was relatively high and kREW was relatively low, the order of dominant environmental variables
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FIGURE 8 - Diurnal dynamics of canopy stomatal conductance (gs) of P. mongolica, P. bolleana and main meteorological factors during 11th,
12 nd August 2011

TABLE 2 - The model parameters determination and error analysis for P. mongolica sample tree a
Parameter
kPAR
Period A (n=61)
20.222 (2.669)
Period B (n=81)
16.084 (4.061)
All data (n=142)
24.923 (4.261)
a
()standard deviation in parentheses, Period A (DOY
steady growth rate time period)

kDVP
kREW
R2
RMSE
MAE
MRE
0.659 (0.220)
54.37 (0.000)
0.400
0.324
0.241
0.153
1.238 (0.339)
38.473 (0.000)
0.651
0.304
0.234
0.146
0.303 (0.276)
32.711 (0.000)
0.623
0.356
0.289
0.186
147~212, defined as a rapid growth rate time period) and Period B (DOY 213~290, relatively

TABLE 3 - The model parameters determination and error analysis for P. bolleana sample trees a
Parameter
kRn
kDVP
kTa
R2
RMSE
MAE
MRE
Period A (n=61)
-0.710 (0.001)
13.641 (6.250)
-0.125 (0.0730)
0.395
0.423
0.302
0.203
Period B (n=81)
11.040 (4.177)
20.915 (6.749)
-0.666 (0.168)
0.617
0.345
0.299
0.186
All data (n=142)
-0.188 (0.002)
10.895 (3.575)
-0.775 (0.168)
0.608
0.401
0.300
0.197
a
()standard deviation in parentheses Period A (DOY 147~212, defined as a rapid growth rate time period) and Period B (DOY 213~290, relatively steady
growth rate time period)

were REW> DVP >PAR, with the lowest MRE and RMSE
were 18.6% and 0.304 separately; In P. bolleana model,
standard deviation of kDVP was relatively high, and kRn was
relatively low in period A. While in period B, kRn was relatively high, and kTa was relatively low, the order of the
dominant environmental variables were Rn > Ta> DVP,
with the lowest MRE and RMSE were 19.7% and 0.345
separately.
We carried out a regression analysis between the measured gs values and the predicted gs values. For both species,
the simulated values were significantly linearly correlated
with the measured values (0.400≤R2≤0.651, P<0.01 and
0.395≤R2≤0.617, P<0.01). The simulation results are shown
in Figure 9. The predict data and the calculated data dis-

tribute relatively well at the side of 1:1 line and the residual
value distributes beside zero line. The prediction models
obtain good results.
It is worth mentioning that there was the obvious overestimation of gs in period A. During the period A, due to
the unevenly rainfall distribution and intensive evaporation. Values of sap flow rate vary notably with the change
of season. Especially in the summer time (June, July and
early August), a wide range of sap flow rates were observed as a result of relatively unstable values of evapotranspiration and strong Rn. In addition, SWC affect sap
flow of two tree species greatly. Soil moisture levels increased during the rainy season, and was near saturation in
period B. Unlike period A, sap flow rates in period B were
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more stable, and gs values obtained were very close to the
predicted values. However in period A, because of the unstable factors mentioned above, a large part of the observed
gs values were smaller than predicted values.
3.6 Canopy stomatal conductance response to single environmental factor

The standardized gs of P. mongolica had different responses to environmental factors in a non-linear way.

Figure 10a showed that gs (gs-PAR values under conditions of 1.2 KPa> DVP > 0.8 KPa and REW >0.4) was
driven by PAR negatively, the main driving threshold of
PAR was 0~0.1 mmol m-2 s -1. There was close relationship
between PAR and gs-PAR values, the determination coefficient R2 was 0.548.
Figure 10b indicated that DVP was a limiting factor for
gs-DVP which decreased with increasing DVP. The regression coefficient (R2) of DVP and gs-DVP was 0.521.

FIGURE 9 - Comparison of the measured and simulated canopy stomatal conductance (gs) values of P. mongolica and P. bolleana in Period A
and B

FIGURE 10 - Response of daily gs of P. mongolica to photosynthetic active radiation (PAR) (a), canopy vapour pressure deficit (DVP) (b) and
relative extractable water (REW) (c) over the experimental period
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FIGURE 11 - Relationship between the daily gs of P. bolleana and Ta(a, left); The relationship between the gs and DVP, data were sorted
according to Rn (b, right) over the experimental period

The response of gs-REW (gs-REW values under conditions
of 1.2 KPa> DVP > 0.8 KPa, and PAR> 0.85 m mol m-2 s-1)
to REW varied. The regression coefficient (R2) of REW
and gs-REW was 0.512, and REW below 60% can be a restrict factor which limited gs (see Figure 10c).
Ta, Rn and DVP had great influence on gs of P. bolleana, the results are shown in Figure 11a that suitable Ta for
gs open was 22°C. High or low Ta would lead to the close
of stomata. And the influence of high Ta was more. Figure
11b indicated that gs was mainly controlled by Rn when Rn
was below 600 W m-2; while gs response to Rn became less
sensitive when Rn above 600 W m-2 and DVP became the
main force response to the gs changes. Figure 11b also
showed that gs increased with decreasing Rn. The reason is
for plants that only respond to small Rn because of the assumptions of linear responses of stomata conductance to
turgor pressure, and guard cell osmotic potential to Rn.
Understanding environmental controls on gs has been
a central focus of plant interacts with environment variables in recent years. In the previous studies, plants respond
to high DVP by closing its stomata to reduce transpiration,
thereby protecting leaf tissues from turgor loss and desiccation, and the response is often depicted as a nonlinear
decline in gs with increasing DVP. The magnitude of the
reduction, or the slope of the gs to DVP relationship, reflects the response sensitivities [39]. The same results
found in Picea sitchensis and Picea engelmannii, etc. [4042]. Besides the interaction between DVP and solar radiations (Rn, PAR) is also one of the critical factors which influenced stomatal conductance [4]. Plants commonly experience partial or complete stomatal closure during the middle of the day when Rn (or Ta) is not the limited factor. Stomatal closure is mediated by RH in the atmosphere at the
leaf surface which can be described as DVP [43]. Stomatal

conductance responses to water availability in the soil and
atmosphere are highly interactive: as soil water decreases,
stomatal conductance also decreases at any particular level
of evaporative demand [44]. Many woody species have a
characteristic threshold water potential for stomatal closure. An implication of the concept of threshold water potential is that stomata respond to subtle variations in leaf
water status, somehow relate to the water potential of the
supplying xylem. Although there is still much debate about
the mechanisms of these responses [45, 46], there are many
experimental evidences that stomata respond directly to
hydrostatic signals. However, there is still no known mechanism for such a ‘feedback’ response, which should be
done in the future work [47, 48].

4. Conclusion
In general, multiple environmental factors affect stomatal
conductance simultaneously, and single factor can hardly reflect its relationship. During this study Javis-type model performed well in predicting canopy stomatal conductance. The
response of canopy stomatal conductance to the single environment factor was analyzed, with results indicating that both
the stomatal conductance of Pinus sylvestris var. mongolica
and Populus bolleana Lauche were responded to environmental factors following non-linear pattern.
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ABSTRACT
Sludge management is a major high-cost component
for the operation of a wastewater treatment plant (WWTP).
Microwave drying (MWD) can be considered as an option
to reduce the total costs of sludge disposal. Microwave drying of a waste sludge originated from a biological nutrient
removal plant (BNR -modified 5 Stage Bardenpho®) was investigated in this study. Mechanically dewatered sludge samples with 18% dry solids (DS) content were studied by using
a multimode microwave applicator, with a 1kW, 2.45 GHz
microwave (MW) source. Experiments were carried out under
different power conditions (400–1000 W) using the same
sludge mass (90 g., 18% Dry Solids). The full-wave electromagnetic fields were also simulated by using Ansoft HFSS
software. The simulation results were compared with the experimental results and the results were found to be compatible. It was found that the temperature of the sludge increased as the microwave power applied increased, and
that the highest temperature levels were obtained at the top
of the sludge samples. Microwave heating of the sludge
was found to be quicker and less expensive than conventional electric heating.
KEYWORDS: Temperature distribution, sludge depth, electromagnetic field, electrical oven

1. INTRODUCTION
Waste sludge is a complex mixture of inorganic and
organic materials and pathogens. Dewatering and drying
are fundamental steps in sludge management.
Microwave drying (MWD) can be considered as an option to reduce the total costs of sludge disposal [1]. Microwave irradiation causes the disintegration of flocs/cell
walls of the microorganisms in the sludge, and can improve
pathogen removal [2]. Sewage sludge can absorb the microwave irradiation due to its high water content [3]. Microwave irradiation increases the kinetic energy of the water dipoles to reach the boiling point value [2]. Then, the
cells of the microorganisms are burst and the bound water
is released.
* Corresponding author

Several researchers investigated conventional drying
of sewage sludge. Qian et al. [4] reported on the isothermal
drying characteristics of sludge; Bellur et al. [5] studied
equilibrium moisture content of sludge to prevent technical
problems in a dryer design. Ferrase et al. [6] studied drying
kinetics of sewage sludge by using indirect agitated dryer.
A limited number of studies have investigated the application of microwave irradiation to the sewage sludge.
Yu et al. [7] reported on the protein and polysaccharide
concentrations upon treatment of sludge at 900W for 140
s. Ahn et al. [8] also investigated the soluble protein, carbohydrate and lipid concentrations with the application of
microwave irradiation. Park et al. [9] and Hong et al. [10]
reported on the COD levels after the microwave pretreatment of sewage sludge. Huang et al. [11] reported on the
microwave drying of sewage sludge for fuel reclamation.
Chen et al. [12] investigated the effect of microwave power
levels and sample mass on the drying characteristics of
sewage sludge. However, none of the studies reported on
the electrical field distribution during the microwave drying of sewage sludge.
Microwave drying of a waste sludge originated from a
biological nutrient removal plant (BNR -modified 5 Stage
Bardenpho®) by using a multimode microwave applicator,
with a 1kW, 2.45 GHz microwave (MW) source was investigated in this study. Microwave heating was compared
to conventional electric heating, and the electrical distribution on the microwave irradiated sludge samples was also
investigated by conducting a numerical modeling study.

2. MATERIALS AND METHODS
2.1 Experimental

This study was conducted in two steps: Experimental
and simulation studies (Figure 1). In the experimental part,
sewage sludge samples, which had been received from the
outputs of both belt thickener and beltpress of the biological
nutrient removal plant (BNR -modified 5 Stage Bardenpho®)
of Bursa city in Turkey, were studied. The BNR plant serves
a person equivalent population of 650,000. The dry solids
contents of the sludges, which were obtained from the outputs of the belt thickener and beltpress, were 4.5% and 18%,
respectively.
The sludge samples were put on the tray of the microwave oven, with a thickness of 1 cm, covering an area of
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FIGURE 1 - Conceptual model for the study conducted

10x10 cm. A thermal fax paper was prepared by identifying unit square areas on it, and placed on the top of the
sludge in the oven. Microwave irradiation was applied for
one minute for each sample, and different microwave power
values of 90, 180, 360, 600, and 900 W were applied. After
the microwave application, the thermal fax paper was kept
for visual comparison with the simulation output. The temperatures of the sludge samples were measured at the right,
left and the middle point of the sludge tray. At each point,
the temperatures were measured at the surface, bottom and
the middle depth of the sludges samples. The dry solid
contents of the samples were also determined after the microwave application.
The microwave oven was operated in electric oven mode
in the second stage of the experimental part. The sludges
samples were prepared in the same manner as had been prepared for the microwave oven, and kept for 1, 2, 3 minutes in
the electric oven. Thermal fax paper was not used this time.

The temperatures and dry solid contents of the samples
were measured.
In the simulation step of the study as shown in Figure 1,
numerical modeling was conducted to obtain 3-D full-wave
electromagnetic field simulation of the samples. Electric field
distribution was obtained, and the results were compared
with that of the experimental steps.
2.2 Material and Equipment

Table 1 gives the characteristics of the sludge studied.
The characterization analyses were performed triplicate;
Table 1 indicates the mean values calculated. A standard
household microwave oven (SIEMENS® HF15G541M)
was used for the experiments. The oven has an option for
running in electric oven mode. The dimensions of the oven
were 337 mm width, 354 mm depth, and 215 mm height, respectively. A standard waveguide (width-height: 80-40 mm)
centered on the right sidewall of the oven, was used as the

TABLE 1 - Composition of the sewage sludge studied
Parameters
Total Organic Carbon (TOC, mg/kg)
BTEX (Benzene, Toluene, Ethylene, Xylene, mg/kg))
PCBs (mg/kg)
Mineral Oil (mg/kg)
Loss on Ignition (LOI, %)
Dry Matter (DM, %)
Dissolved Organic Carbon (DOC, mg/l)
Calorific Value (kcal /kg)

3940

Results
61244±18
<0.05
0.32±0.04
763.2±2.6
69.42±3.61
18.5±0.7
309±8
3250±150

Methods of Analysis
EN 13137
EPA 8015c
ISO 10382
EN14039:2004 GC
DS/EN 12879
Standard Methods 2540c
Standard Methods 5310 b
ASTM D2015
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feeding system. The operating frequency was set to 2.45 GHz
(ISM band) and the TE10 mode was excited in the waveguide
with normalised amplitude of 1 V/m (peak value). The diameter of the oven plate was 155 mm. The dielectric constant
value of εr = 4.3-0.02i was used for the microwave oven
used. The dielectric constant of the waste sludge with 18%
solid material rate at 2.45 GHz frequency was taken as
εr=68-16.6i [13].
A three-dimensional multimode applicator was used
for all simulations by using Ansoft HFSS software v.9.0.
The temperature measurements of the sludge surface were
undertaken by using Fluke 62 Mini Infrared Thermometer
(Temperature measurement ranges up to 500 ºC). The temperatures from the different depths of the sludge were
measured by using Williams-Sonoma smart thermometer
(Temperature measurement ranges up to 150 ºC).
Visual distributions of the field heat on the surface of
the samples were investigated by using a standard thermal
fax paper (BROTHER® 6840). Dry solids analyses of the
sludge samples were undertaken according to the Standard
Methods for the Examination of Water and Wastewater [14].

3. RESULTS AND DISCUSSION
Figure 2 shows the temperature distribution measurements at different sides (left, middle, right) and different
depths (top, middle, and bottom) of the microwave irradi-

ated sludge samples. Figure 3a shows the temperature differences according to the sides (left, middle, right), and
Figure 3b shows the temperature variation according to the
depths (top, middle, and bottom) of the sludge samples. As
seen from Figure 2 and Figure 3a, the temperature of the
sludge increased as the microwave power applied increased.
The mean temperature of the right side of the sludge sample
yielded the highest level compared to that of the left and the
middle parts of the sludge samples. The temperature measured at the right side increased from 21.80oC when 90W microwave power was applied for 1 minute, to 44.37oC when
900W was applied. The highest temperature level can be associated with the location of the waveguide that had been
centered at the right sidewall of the oven.
The temperatures measured at different depths of the
sludge also increased as the microwave power increased
(Figure 3b). The highest temperature levels were obtained
at the top of the sludge samples. The mean temperature
measured at the top of the sludge samples increased from
25.20oC when 90W microwave power was applied for 1 minute, to 61.10oC when 900W was applied. The temperature
difference between the depths became more obvious as the
microwave power increased. The bottom of the sludge
samples yielded the minimum temperature increase from
20.57oC at 90 W to 29.77 at 900 W (Figure 3b).
Figure 4 shows the temperature distribution measured
at different sides (left, middle, right) and different depths
(top, middle, and bottom) of the sludge samples dried in

FIGURE 2 - Temperature distribution at different sides (left, middle, right) and different depths (top, middle, and bottom) of the microwave
irradiated sludge samples
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a)

b)

FIGURE 3 - Temperature variation of the microwave irradiated sludge samples a) according to the sides (left, middle, right) of the measurement, b) according to the depths (top, middle, and bottom) of the measurement

of the temperatures obtained with microwave oven and
electric oven. The mean level of all locations (right, middle,
left) and all depths (top, middle, and bottom) was calculated
as 22.9oC when 90W microwave power was applied. It increased to 43.5 oC when 900W microwave power was applied (Figure 5a). The mean level obtained with the electrical oven was 28.2 oC when 1200W electrical resistance
power was applied for 1 minute. It increased to 33.4 oC
when 1200W electrical resistance power was applied for
3 minutes (Figure 5b). The highest temperatures obtained
with microwave oven were at the top and at the right side
of the sludge samples as 67.0 oC and 65.1 oC, when 600W
and 900W power were applied, respectively. However, the
temperature obtained with 1200 W of electric oven
reached a maximum of 35.3 oC at the top of the sludge with
3 minutes duration. When compared in terms of energy
consumption, the microwave heating maximum power for
900 W is 54000 J (W.s) while that of electrical power is
72000 J (W.s) for one minute.

FIGURE 4. Temperature distribution at different sides (left, middle,
right) and different depths (top, middle, and bottom) of the sludge
samples dried in the electric oven

the electric oven. An electric resistance power of 1200 W
was applied with different durations of 1,2 and 3 minutes.
The temperature distribution was found to be more homogeneous than that of microwave oven. However, the temperature increase obtained was less when compared to the
microwave oven. Figure 5 gives a comparison of the mean

The most important characteristic of microwave heating is volumetric heating, which is quite different from
conventional heating where the heat must diffuse in from
the surface of the material [17]. The microwaves heat the
product at the surface and deep into the product until the
microwave energy is absorbed [17]. This fact is confirmed
with the findings of this study that show that the highest
temperature levels were obtained at the top of the sludge
samples. For conventional heating by convection and radiation, all heat must diffuse in from the surface of the material, and the inside of the material can be heated by conduction only. Since conduction is a diffusion process, heat
cannot be intensified [18]. The homogenous temperature
levels obtained with the sludge samples when electrical resistance power was applied, confirms this fact.
Figure 6 shows the amount of water evaporated during
the application of microwave power of 900 W for different
durations between 0-5 minutes. In the first part (Figure 6a
and Figure 6b) microwave power was applied to the sludge
sample of 90g for 3 minutes, and the sludge was air cured
for the subsequent 7 minutes. It can be seen from the figures
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a)
b)
FIGURE 5 - Temperature distribution at different sides (left, middle, right) and different depths (top, middle, and bottom) of the sludge
samples dried in the electric oven

a)

b)

c)

d)

FIGURE 6. The water evaporated during the application of microwave power of 900 W for different durations between 0-5 minutes

that a weight loss of 27 g was obtained in the first 3 minutes.
The moisture content of the sludge sample decreased from
82% to 74 % in 3 minutes. A slight drying occurred during
the air cure and the moisture content of the sludge was found
to be 73% after the subsequent 7 minutes. Figure 6a and Figure 6b shows the results of the experiment where the sludge
samples were subjected to a 5-minutes microwave drying
of 900W; however, at the end of each minute of drying the
sludge sample was taken out of the oven and weighted in

10 second and microwave dried again. When both results are
compared, it would be seen that a better drying was achieved
when the sludge was dried continuously 3 minutes rather
than drying sequentially 3 minutes as seen in Figure 6 a
and Figure 6c.
Table 2 gives a comparison of the literature findings
with the findings of this study. The highest moisture loss
obtained was reported by Chen et al. [12] in 3 minutes with
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840W microwave power. They investigated the drying of
sewage sludge. Herris et al. [15] investigated the drying of
wheat seeds by applying a microwave power of 910W, and
obtained a moisture loss of 11% in 3 minutes. Idris et al. [16]
investigated the drying of silica sludge and observed a moisture loss of 1% in 1 minute by applying 800W microwave
power. The magnetron source had 2.45 GHz frequency in
the studies summarized in Table 2. The findings of this
study can be compared with the findings of Chen et al. [12].
Although same microwave power was applied for a similar
duration to sewage sludge, the loss of moisture content was
lower than that of Chen et al. [12]. A moisture loss of 8%
was recorded in 3 minutes with 900W microwave power in
this study, whereas the moisture loss reported by Chen et al.
[12] is 21.98%. This difference in the moisture loss may be
associated with the initial characteristics of the sludge,
which is different than that was reported by Chen et al. [12].

Mainly, the initial water content of our samples were
higher than that of Chen et al. [12], which could affect the
efficiency of microwave drying. However, our results agree
with the findings of Chen et al. [12] that drying rate was directly proportional to the microwave power, but inversely
proportional to sample mass. Our study showed that the
lowest temperature was recorded at the bottom of the
sludge which confirms that sludge mass would be a parameter that could affect the drying performance.
Figure 7 and Figure 8 show the electric field distribution on the 18% DS sludge samples obtained after the numerical modeling by using ANSOFT HFSS software. It
can be seen from the figures that a higher electric field was
obtained at the edges of the sludge sample. The middle of
the sludge sample showed a lower electric field level compared to the edges.

TABLE 2 - A comparison of microwave drying performances of several studies
Reference

Material

Chen et.al. [12]
Hemis et. al. [15]
Idris et al. [16]
This study

Sewage Sludge
Wheat Seeds
Silica Sludge
Sewage Sludge

Initial Weight of Initial Moisture Final Moisture
Material
Content
Content
(g)
(%)
(%)
90
73.21
51.23
23.55
20
9
50
80
79
90
82
74

Microwave
Power
(W)
840
910
800
900

Total Drying
Time
(sn)
180
180
60
180

Microwave
Frequency
(GHz)
2.45
2.45
2.45
2.45

FIGURE 7 - Top view of the electric field distribution of the sludge sample given by ANSOFT HFSS software for 18% dry solids.

FIGURE 8 - Sectional view of the electric field distribution of the sludge sample given by ANSOFT HFSS software for 18% dry solids.
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FIGURE 9 - The appearance of the thermal fax paper that has been placed on the sludge of 18% DS content during the microwave irradiation

FIGURE 10 - Top view of the electric field distribution on the material given by ANSOFT HFSS for 4.5 % dry solids.

The thermal fax paper that had been placed on the top
of the sludge during the microwave irradiation revealed a
similar visual result. It showed the high-heated sections in
darker colour than the rest of the paper in Figure 9. A good
agreement exists between the appearance of the fax paper
and that of numerical modeling results. The dark parts
show the high-temperature and high electrical-field areas.
It will be seen that the edges of the paper are darker than
the colour of the middle of the paper.
Similar results were obtained with the sludge of 4.5%
DS content. Figure 10 shows that the electric field was
higher at the edges of the sludge sample, while that of the
middle point was lower.

4. CONCLUSION
Microwave drying of sewage sludge was investigated
in this study. Based on the findings, the following conclusions can be drawn:
1. The temperature of the sludge increased as the microwave power applied increased. It was observed that the

location of the waveguide in the oven affected the location
of the high-temperature parts in the sludge sample. The
mean temperature of the right side of the sludge sample
yielded the highest level, which can be associated with
the location of the waveguide that had been centered at
the right sidewall of the oven.
2. The temperatures measured at different depths of the
sludge also increased as the microwave power increased. The highest temperature levels were obtained
at the top of the sludge samples.
3. The temperature difference between the depths became
more obvious as the microwave power increased.
4. The temperature distribution of the sludge samples when
electric resistance power was applied was found to be
more homogeneous than that of the microwave oven.
5. A better drying was achieved when the sludge was dried
continuously 3 minutes compared to the drying obtained
3 minutes sequentially.
6. When compared in terms of energy consumption, the microwave heating of the sludge was found to be quicker
and less expensive than conventional electric heating.
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During the heating with microwave process, high temperatures above 60oC were obtained in only one minute.
7. The electric field distribution model obtained by using
ANSOFT HFSS software was found to be compatible
with the experimental results of the study. A higher
electrical field was obtained at the edges of the sludge
sample than in the middle part.
8. This study investigated the microwave heating of a waste
sludge in a multimode microwave applicator. When the
waste water plants that generate high amounts of sludge
are considered, the heating process must be undertaken
in a large-sized industrial oven. For a large-size oven
and high volumes of sewage sludge, new scale-up factors such as the interaction of the sludge components
with the oven should be considered.
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ABSTRACT
Acetamiprid, a neonicotinoid insecticide, and Propineb,
a dithicarbamate fungicide, are used in agriculture singly or
in combination with other pesticides. The aim of the study
is to investigate the single and combined genotoxic effect
two pesticides on cultured human lymphocytes by using the
Micronucleus (MN) assay. The lymphocytes were treated
with three different concentrations of pesticides singly and
in combination (a mix), Acetamiprid (0.625, 1.25, 2.5 µg
mL-1), Propineb (12.5, 25, 50 µg mL-1) and Acetamiprid+Propineb (0.625+12.5, 1.25+25, 2.5+50 µg mL-1),
for 24 and 48 hours. MN frequency significantly increased
at a 48-hour exposure period when the lymphocytes were
exposed to the combined pesticides. The data demonstrated
that these pesticides may have a synergistic effect and may
have potential genotoxic activity in cultured human lymphocytes. Also, it was shown that when they are combined
and exposed to lymphocytes these pesticides have a cytotoxic effect.

KEYWORDS:
Acetamiprid; Propineb; in vitro; human lymphocyte culture

1. INTRODUCTION
Different classes of pesticides are used singly or in
combination against living organisms in agricultural areas
to increase crop yield. Because pesticides are so important
to agriculture, it is important to evaluate if they are harmful
to humans.
Compounds in mixtures may interact with one another
and with biological systems. They may also alter the genotoxicity of individual compounds [1]. Occupational or environmental exposure to pesticide mixtures was associated
with increased genotoxicity in human lymphocytes [2-4].
* Corresponding author

Although there are many studies on the genotoxicity of
pesticides, genotoxicity studies of the effects of mixing different forms of pesticides are limited. It is important to
study pesticide formulations singly and in combination.
Pesticides may have greater genotoxic effects in combination form than when they are used singly. The exposure of
non-toxic doses of atrazine and alachlor when combined
induced significant frequencies of chromatid breaks and
fragments in mouse bone marrow cells; individual exposure, however, in similar dosages did not induce any significant effect [5]. Dolara et al. [6] and Roloff et al. [7] also
demonstrated that the effect of combined pesticides is
much greater than that of an individual pesticide.
Acetamiprid (ACET) is a neonicotinoid group pesticide used against insects both in the agricultural and the
domestic areas [8]. These systemic insecticides are agonists of nicotinic acetylcholine receptors (nAChR) [9]. Neonicotinoid insecticides have significant toxicity to insects
but have low toxicity to mammals because of the stronger
affinity of neonicotinoids to insects’ nAChR than to mammalian nAChR [10, 11]. In in vivo and in vitro studies, the
Environmental Protection Agency (EPA) reported that Acetamiprid is neither mutagenic nor genotoxic [12]. But
some studies have revealed genotoxic and cytotoxic effects
of neonicotinoid insecticides in culture of human lymphocytes [13-15]. It was demonstrated that the 25-40 µg mL-1
commercial form of Acetamiprid has genotoxic and cytotoxic potential on human peripheral lymphocytes in vitro
[13]. Calderon-Segura et al. (2012) reported genotoxic and
cytotoxic effects on peripheral blood lymphocytes following in vitro exposure to a commercial formulation of four
neonicotinoid insecticides (Calypso, thiacloprid; Poncho,
clothianidin; Gaucho, imidacloprid and Jade, imidacloprid)
by using a comet assay [16]. A significant increase in MN
frequency was reported in human peripheral lymphocytes
with both the pure and the commercial formulations of a
neonicotinoid insecticide (imidacloprid) [17].
Propineb (PROP) is a dithiocarbamate, a class of compounds with high biological activity, extensively used as a
fungicide in agriculture [18]. Propineb is bio-transformed
into propylene-thiourea (PLTU) and carbon disulfide (CS2)

3947

© by PSP Volume 24 – No 11b. 2015

Fresenius Environmental Bulletin

and release zinc (Zn2+) [19]. Rolandi et al. [20] stated that
Propineb and its main metabolite propylene-thiourea did
not increase MN frequency in mice bone marrow. Propineb
gave negative results in the following studies: the Ames
test of S.typhimurium [21, 22], the HGPRT test in Chinese
hamster ovary (CHO) cells [23], an unscheduled DNA synthesis test (UDS) in rat hepatocytes [24] and an MNi in
mouse bone marrow [25]. Some studies have revealed the
genotoxic and cytotoxic effects of dithiocarbamate fungicides on animal tissues [20, 26-30]. Despite a low acute
toxicity [31], dithiocarbamates have shown teratogenic,
goitrogenic and neurotoxic activity in animal studies [31,
32]. Propineb has low acute toxicity with a specific goitrogenic effect on rats [27]. There are no data that reveal its
genotoxicity profile in humans.
Commercial formulations are the commonly used form
of pesticide in agriculture; as a result of this use, people, in
particular, agricultural workers, may be exposed to pesticide formulation combinations. An investigation is necessary to determine genotoxic effects. The MN assay is a useful method for evaluating the genotoxic effect of chemicals
and assessing DNA damage at the chromosomal level. MN
is one of the cytogenetic markers used to detect early biological effects related to DNA-damaging compounds [33].
The cytokinesis-block MN (CBMN) assay has been widely
used on different cell types, including human lymphocytes,
to evaluate the clastogenic and aneugenic potential of various agents. MN can be formed from acentric fragments or
from the failure of the mitotic apparatus [34, 35]. An increased MN frequency in peripheral blood lymphocytes
implies a cancer risk in humans in vivo [35, 36].
The present study aimed to investigate the single and
combined genotoxic effect of two pesticide formulations
Mosetam 20SP® (20% active ingredient); and Antracol
70WP® (containing 70% active ingredient) in cultured human lymphocytes using the MN assay.

2. MATERIALS AND METHODS
2.1 Study design

In this study, human peripheral blood was used as target
cells and the commercial formulations of Acetamiprid (Mosetam 20SP; containing 20% active ingredient; obtained
from Safa Agriculture) and Propineb (Antracol 70WP; containing 70% active ingredient; obtained from Bayer) were
used as test substances. The concentrations were selected
according to preliminary studies that the lymphocytes were
exposed to Acetamiprid (0.625, 1.25, 2.5 µg mL-1), Propineb (12.5, 25, 50 µg mL-1) and Acetamiprid+Propineb
(0.625+12.5, 1.25+25, 2.5+50 µg mL-1). Whole blood samples from 4 volunteers (2 female and 2 male), who were
healthy, between 20 and 25 years of age, non-smoking and
with no history of pesticide exposure, were used in cultures
for MN analysis. For each culture, 0.3 mL of whole blood
was added to 4.7 mL Ham’s F-10 (Sigma) medium supplemented with 20% fetal bovine serum, 2% phytohemagglu-

tinin M (PHA) and antibiotics (100 IU penicillin mL-1 and
100µg streptomycin mL-1). The blood was cultured at 37°C
for 70 hours. Cytochalasin B (Cyt-B, CAS no 14930-96-2)
(final concentration 6 µg mL-1) was added to the cultures
44 hours after the initiation of the cultures. Test chemicals
were added at the 46th and 22nd hours of the culture period
for 24 hours and 48 hours of exposure respectively. Also,
0.2 µg mL-1 Mitomycin C (MMC) was used as a positive
control and distilled water as a negative (solvent) control.
The cytokinesis block micronucleus assay (CBMN) was
done using the Standart technique proposed by Fenech in
2007 [37]. The number of MN in 2,000 binucleated (BN)
cells per donor (a total of 8,000 binucleated cells per each
concentration and exposure period) was scored. A total of
2,000 cells (500 cells per donor for each concentration and
exposure period) were scored for the determination of the
Nuclear Division Index (NDI). The NDI was calculated as
follows: NDI= (M1+2.M2+3.M3+4.M4)/n. M1 to M4 indicates the number of nuclei (cells from 1 to 4), and n
stands for the total number of cells recorded. All donors
were informed about the study and they willingly signed
using blood samples in the study. The investigation was
performed with ethical standards according to the Declaration of Helsinki.
2.2 Statistics

The statistical analysis was done according to the total
data from 4 donors. Fisher’s exact X2 test was used to evaluate the significance of the difference between the exposure and control groups of MNi frequencies. The X2 test
was used for NDI values. The level of P<0.05 was considered statistically significant. Evaluating mixed-exposure
data with single-exposure data, we compared our measured
values with the expected values. The expected value was
calculated as a mean value obtained after exposure to one
substance alone plus a mean value obtained after exposure
to a second substance [38, 39], e.g.:
Meanexpected (‰)= meansubstance1(‰)+meansubstance2(‰)100(‰).
The expected SEM (Standart Error Mean) was calculated as follows:
SEMexpected=((SEMsubstance1)2+(SEMsubstance2)2)1/2
The difference was calculated between the expected
and measured values using an unpaired t test (level of
P<0.05). The results were interpreted as follows: an additive effect was implied if the measured values were not significantly above or below the expected values; a synergistic effect was implied if the measured values were significantly above the expected values; an antagonistic effect
was implied if the measured values were significantly below the expected values [39].

3. RESULTS
Three concentrations of each pesticide (Acetamiprid:
0.625, 1.25, 2.5 µg mL-1; and Propineb: 12.5, 25, 50 µg
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mL-1) and their mixed forms (Acetamiprid+Propineb:
0.625+12.5, 1.25+25 and 2.5+50 µg mL-1) were tested for
24- and 48-hour exposure periods in the human peripheral
blood lymphocyte culture. The total results of four donors
are shown in Tables 1 and 2 related to exposure periods
24 and 48 h. Although there are some individual differences between donors (not shown in the tables), the total
values of the four donors showed that ACET and PROP
did not significantly increase MN frequency, except for
12.5 µg mL-1 PROP for the 24-hour exposure period. It
was observed that the mixed form of these pesticides significantly increased MN frequency in the 48-hour exposure
period (p<0.01 and p<0.001) (Table 2). The measured values were significantly above the expected values which

may indicate a synergistic effect [38, 39]. The BNMN‰
values of ACET, PROP and MIX exposures for the 24 and
48-hour exposure periods are shown in Figure 1. The results
showed that an increase in MN frequencies was higher than
that of the additive effect, which may means a synergistic
effect. In Figure 2, a dose-related increase was demonstrated
in MN frequencies after exposure to a mixture of insecticides
after 24 and 48-hour periods. Also, in the present study, the
use of combined pesticides decreased the NDI over a 48hour exposure period. According to the results, MN frequency increased with a decrease in NDI values. But these
pesticides showed no cytotoxic effect in single (24 hours and
48 hours) or combined (24 hours) exposures, except 1.25 µg
mL-1 at 48 hours Acetamiprid exposure.

TABLE 1 - Frequency of micronuclei and nuclear division index in human lymphocytes exposed to ACET, PROP and ACET+PROP for 24
hour exposure period (Total values of 4 donors).
Exposure
period
24
hours
Control

ACET

PROP

ACET+
PROP
(MIX)

Concent.
µg/ml

BN cells according to No.MNi
MN

BNMN
±S.E.

BNMN
‰±S.E.

NDI
±S.E.

0

57

47±2,01

5,87±1,0

1,74 ± 0,1

0

0

323

***293±11,9

***36,6±5,9

***1,57 ± 0,05

0

0

60

44±1,29

5,5±0,6

1,71 ± 0,07

0

0

82

66±4,7

8,25±2,4

1.81 ± 0,06

0

1

2

3

4

>
4

7953

41

2

4

0

MMC

7707

269

18

6

0,625

7956

30

12

2

1,25

7934

52

12

2

(-) Control

2,5

7914

64

22

0

0

0

108

***86±6,3

10,75±3,2

1,84 ± 0,03

12,5

7878

114

6

0

2

0

134

***122±3,3

*15,25±1,65

1,77 ± 0,002

25

7894

100

4

2

0

0

114

***106±5,7

13,25±2,9

1,99 ± 0,07

50

7892

102

4

0

0

2

124

***108±6,6

13,5±3,3

1,76 ± 0,07

0,625+12,5

7931

61

8

0

0

0

77

*69±1,6

8,6±0,8

1,75 ± 0,02

1,25+25

7918

67

13

0

0

2

111

**82±3,3

10,25±1,6

1,84 ± 0,035

2,5+50

7908

89

0

3

0

0

98

***92±2,3

11,5±1,2

***1,70 ±0,03

Concent, Concentration; MN, total N; BNMN, binucleated cells with MN; NDI, nuclear division index. BNMN‰±S.E., Mean number of MN of 1000
binucleated cells±Standard Error; the significant differences among treated groups by analysis of X2 test to *p<0.05; **p<0.01; ***p<0.001

TABLE 2 - Frequency of micronuclei and nuclear division index in human lymphocytes exposed to ACET, PROP and ACET+PROP for 48
hour exposure period (Total values of 4 donors).
Exposure
period
48
hours

Concent.
µg/ml

Control

BN cells according to No.MNi
MN

BNMN
±S.E.

BNMN
‰±S.E.

NDI
±S.E.

0

1

2

3

4

(-) Control
MMC

7967
7588

27
356

6
42

0
14

0
0

39
482

33±1,25
***412±9

4,13±0,63
***51,5±4,9

1,74 ± 0,04
***1,6 ± 0,06

ACET

0,625
1,25
2,5

7968
7954
7940

24
34
42

8
8
18

0
4
0

0
0
0

40
62
78

32±1,4
46±2,2
**60±3,9

4±0,71
5,75±1,1
7,5±1,9

1,77 ± 0,07
***1,63 ± 0,02
1,76 ± 0,04

PROP

12,5
25
50

7966
7936
7940

24
50
48

6
14
12

4
0
0

0
0
0

48
78
72

34±1,5
**64±2,2
**60±1,3

5±0,75
8±1,08
7,5±0,7

***1,66 ± 0,02
***1,68 ± 0,06
***1,62 ± 0,04

0,625+12,5

7851

127

20

0

2

180

***149±15

**18,63±7,5

***1,5 ± 0,02

1,25+25

7829

135

34

2

0

209

***171±10

***21,4±5,1

***1,56 ± 0,03

2,5+50

7819

143

33

5

0

224

***181±3

***22,6±1,7

***1,6 ± 0,03

ACET+
PROP
(MIX)

Concent, Concentration; MN, total N; BNMN, binucleated cells with MN; NDI, nuclear division index. BNMN‰±S.E., Mean number of MN of 1000
binucleated cells±Standard Error; ; the significant differences among treated groups by analysis of X2 test to *p<0.05; **p<0.01; ***p<0.001
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A

BNMN ‰

20
*

15
10

ACET
PROP

5

MIX
0
Control

Dose 1

Dose 2

B

***

***

25
**

20

BNMN ‰

Dose 3

15

ACET

10

PROP
MIX

5
0
Control

Dose 1

Dose 2

Dose 3

FIGURE 1 - The values of BNMN ‰ were shown after 24 h (A) and 48 h (B) exposure of ACET, PROP and MIX. Dose 1, 2 and 3 represent
first, second and third concentrations of each pesticide and their mixed concentrations. *p<0.05; **p<0.01; ***p<0.001

30

BNMN ‰

25

y = 13,584ln(x) + 5,897
R² = 0,914

20

BNMN ‰ 48 h

15

Log. (BNMN
‰ 24 h)

10
5

BNMN ‰ 24 h

y = 4,0444ln(x) + 5,8467
R² = 0,9997

0

FIGURE 2 - Dose related increase of MN frequencies after exposure of mixture of pesticides at 24 and 48 h period.

4. DISCUSSION
In this study, two pesticides Acetamiprid (Mosetam
20SP; containing 20% active ingredient) and Propineb (An-

tracol 70WP; containing 70% active ingredient) were studied in singly or in combination exposures on human peripheral blood lymphocyte culture by using MN assay. The results demonstrated that ACET (at 0.625, 1.25, 2.5 µg mL-1
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concentrations) and PROP (at 12.5, 25, 50 µg mL-1 concentrations) did not increase MN frequency significantly when
used individually. But when they were used in a mixture,
the MN frequency increased significantly at 48 h and a reduction in MN was observed at 24 h.
In this study, ACET was not genotoxic and cytotoxic
at tested concentrations. The other studies demonstrated
that ACET was genotoxic at cytotoxic levels. In the study
of Kocaman and Topaktaş [13], the commercial form of
Acetamiprid (Mosetam 20 SP) at 25,30,35 and 40 µg mL-1
concentrations was used in human peripheral blood lymphocytes to evaluate the genotoxic effect. The researchers
stated that except for the lower concentration (25 µg mL1
), the other concentrations induced MNi formation. Çavaş
et al. (2012) stated that Acetamiprid induced MNi at cytotoxic levels for CaCo-2 cells [15]. The researchers demonstrated that the 25 µM Acetamiprid concentration is not cytotoxic and genotoxic, although the concentrations between 50 µM and 300 µM have genotoxic and cytotoxic
potential[15]. Similarly, in this study, much lower concentrations were used and did not significantly induce MNi
formation. The results support each other in finding that
lower concentrations do not induce MNi in human peripheral
blood lymphocytes. The EPA [12] also stated that ACET is
neither mutagenic nor genotoxic in an AMES test and in an
in vitro mammalian cells gene mutation assay on Chinese
hamster ovary cells, and does not induce unscheduled DNA
synthesisin either in rat liver primary cell cultures or in
mammalian liver cells in vivo. It was observed that Acetamiprid was positive when tested under metabolic activation at cytotoxic dose levels [12]. In the study of Feng et
al. (2005), it was reported that no significant difference in
the frequencies of MN and SCE was observed at low dose
levels (0.05 mg/l) for imidacloprid (Neonicotinoid insecticide) [14]. As the concentrations increased (0.1-25 mg/l),
significant effects on the frequencies of MN and SCE were
achieved. The results of our study are in accordance with
those of the other studies that showed that Acetamiprid
does not have a genotoxic effect at non-cytotoxic concentrations.
Moreover, other studies also demonstrated the genotoxic effect of Acetamiprid. The molecular mechanism of
Acetamiprid is not well known. It was indicated that DNA
damage by such compounds may be caused by the generation of reactive oxygen species (ROS) [40]. It was reported
that Acetamiprid increased the level of superoxide dismutase (SOD) and calase (CAT) enzymes for a short time
in three bacteria species (E.coli K12, Pseudomonas FH’
and B.subtilis) [41] and in plants [42]. The presence of
SOD and CAT activities indicates the presence of superoxide radicals; SOD catalyses the reduction of superoxide anions to hydrogen peroxide (H2O2), and CAT catalyses the
conversion of H2O2 to H2O and O2 and prevents the formation of Hydroxyl radicals [43] which are highly reactive
with DNA and produce damage, including single- and double-strand DNA breaks and nucleoside modifications [44].
Moreover, genotoxic agents can interact with DNA in an

intercalative or a non-intercalative way. Intercalation usually induces conformational changes of DNA. It was reported that Acetamiprid might interact with double- and
single-stranded DNA in a non-intercalative way [45]. Superoxide anions can also be responsible for the cytotoxicity
of Acetamiprid. According to Halliwel and Gutteridge
(1999), both E. coli and mammalian ribonucleotide reductase (RNRs) are deactivated by superoxide radicals; therefore, superoxide radicals cause cytotoxicity [43]. RNRs
catalyse the reduction of nucleotides to deoxynucleotides
in all organisms, which is an important step in DNA synthesis in cells[46-48]. The formation of superoxide radicals
by an insecticide can lead to inhibiting RNR activities and,
hence, to inhibiting DNA synthesis and cell proliferation.
In this study, neither the genotoxic nor cytotoxic effect observed in the human peripheral blood lymphocytes was
caused by the low concentrations tested.
In this study, PROP did not significantly increase MN
frequency, except 12.5 µg mL-1 at a 24 hour exposure period in human lymphocytes. Similarly, Rolandi et al.
(1984) stated that Propineb and its main metabolite propylene-thiourea (PLTU) did not increase MN frequency in
mice bone marrow [20]. Quinto and De Marinis (1983)
studied sperm abnormalities by using the sperm morphology assay in mice; at all Propineb dose levels, no significant increase in the percentage of sperm abnormalities was
observed [29].
The interactions between different chemical components in a mixture may result in either a weaker (antagonistic) or a stronger (synergistic, potentiated) combined effect
rather than in the additive effect that would have been expected (based on knowledge about the toxicity and mode
of action of each compound). In this study, the Acetamiprid
and Propineb insecticide mixture showed an increased frequency of MNi in human peripheral blood after a 48-hour
exposure period. Some studies have indicated an increased
genotoxic effect of pesticides when used in combination.
In the study of Dolara et al. (1992), it was stated that low
concentrations of four pesticides (organophosphorus and
pyrethroid insecticides) did not increase sister chromatid
exchange (SCEs) significantly when tested alone and were
positive for SCE induction when tested as a mixture [6].
Sub-threshold doses of pesticides may increase SCEs when
present in a mixture. Also, in the study of Roloff et al.
(1992), the same result was stated that an independent exposure of atrazine or linuron showed modest frequency of
CA in human lymphocytes, whereas lymphocytes’ combined exposure to half the concentrations of these pesticides significantly increased the frequency of CA [7]. The
combined exposure of non-toxic doses of atrazine and
alachlor increased significant frequencies of chromatid
breaks and fragments in mouse bone marrow cells, whereas
the independent exposure to similar doses failed to induce
any significant effect [5]. Demsia et al. (2007) do not indicate a clear-cut genotoxic effect of imidacloprid (chloronicotinyl insecticide) and metalaxyl (benzenoid fungicide)
when tested separately on human lymphocytes in vitro or
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on rat bone marrow in vivo. But in treatments with a mixture of these pesticides, they observed a statistically significant difference at the tested concentrations for both SCE
and MNPCEs[4]. Pesticide mixtures show an increase in
the frequency of chromosomal aberrations, DNA adducts
formation and reactive oxygen species that can disrupt genetic integrity and alter the biochemistry of metabolic pathways [49, 50].

components of nerve impulse transmission. Diazinon (an
organophosphate (OP)) and benomyl (a benzimidazole
fungicide), which individually fail to exhibit genotoxicity,
are genotoxic when administered together [55]. DNA damage could be monitored at higher concentrations of pesticides when these pesticides are exposed individually; the
same genotoxic effect could also be obtained at very low
concentrations of pesticide mixtures.

In this study, statistical results indicated that the combined effect of two chemicals is greater than the sum of the
effects of each chemical given alone, which indicates their
synergistic effect. Similarly, in the study of Chauhan et al.
(2005), it was demonstrated that the commercial formulations of a cypermethrin and quinalphos insecticides mixture
have synergistic genotoxicity in mice [51]. Rencüzoğulları
and Topaktaş (1998) reported a synergistic effect between
Carbosulfan-Ethyl carbamate and Carbosulfan-ethyl-methanesulfonate, which increased the formation of SCE in human peripheral lymphocytes [52]. The synergistic effect of
methamidophos and imidacloprid causes an increase in potential damage to on-target organisms [53]. Das et al.
(2007) reported that binary mixtures of monocrotophos,
carbofuran and endosulfan have a synergistic effect on human peripheral blood lymphocytes [3]. High concentrations of individual pesticides cause significant DNA damage, and lower concentrations of their binary mixtures
could cause the same effect. Dikic et al. (2012) reported a
synergistic effect between the pesticides imazalil (imidazole fungicide), cypermethrin (pyrethroid insecticide) and
carbendazim (carbamate fungicide) in in vivo experiments
by using a comet assay. Carbendazim combined with
imazalil or cypermethrin create potential DNA damage in
hepatocytes of mice[54]. In most of the investigations, it
was reported that although very low concentrations of nontoxic, non-genotoxic pesticides were used, they had a genotoxic effect on living organisms when exposed in mixed
forms.

Metabolic interactions of pesticides involve the inhibition or induction of detoxifying enzymes, and can occur
not only between two or more of these compounds but also
between pesticides and endogenous substrates. Potentiation may occur when one of the components of the mixture
changes the toxicokinetics of the pesticide as a result of its
increased activation or decreased detoxification, leading to
enhanced or reduced toxicity, respectively[58]. The synergism between the pesticide mixture and adjuvants used as
emulsifiers, stabilisers and solvents cannot be ruled out.
However, it cannot be ascertained unless products of formulation are tested separately with the individual pesticide
or the pesticide mixture. The tissue doses of chemicals in a
mixture can be predicted by using physiologically based
toxicokinetics (PBTK) models. This requires information
about the interaction of all the components in the mixture.
And this information has to be determined by experimentation.

This synergistic effect may cause by the formation of
more toxic products through chemical interactions between
the two parent compounds in the mixture. Synergism is observed when the effect of exposure to a pesticide mixture
is much greater than the one expected from an additive effect, and responses cannot predicted by the known toxicology of each compound [55]. Certain insecticide combinations show a clear pattern of synergism at low, environmentally relevant concentrations [56, 57]. Not all mixtures
of pesticides with similar chemical structures always produce additive effects; thus, different toxic effects can be
observed if the pesticides act on multiple sites. Despite the
similarities in their chemical structure, pyrethroids (PYRs)
act on multiple sites and their mixtures produce different
toxic effects [55]. Exposure to mixtures of different classes
of pesticides produces effects that are often difficult to anticipate. Permethrin and the carbamate propoxur elicited
greater-than-additive toxicity because of the complementary modes of the toxic action of PYR and N-methylcarbamates NMC, two insecticide classes that act on different

In this study, NDI values were not decreased after
ACET exposure, except 1.25 µM concentration at a 48hour exposure period, because of the low concentrations of
the pesticides. NDI values were significantly decreased after 48-hour PROP and ACET+PROP exposures. PROP,
polymeric zinc 1,2-propylenebis (DTC-dithiocarbamat)),
contains Zn2+ which can be released following its biotransformation in the biological milieu [19]. The intact
DTC molecules exhibit both pro-oxidant and antioxidant
activities[59-64]. Whereas the disulfide bridges and the
metal complexes contribute to their pro-oxidant effects, the
SH contributes to their antioxidant effects[61, 65]. The tissue organ-specific toxic effects of these chemicals may be
caused by crucial structural and functional entities of the
cells, eventually leading to metabolic disruptions, pathological changes and cell death [66].
The results show that low non-toxic concentrations of
pesticides substantially increase genotoxicity when used in
mixed forms. Although these pesticides have different toxicity mechanisms individually, the synergistic effect observed in this study might be caused by their combined
mechanisms that increase effectiveness.

4. CONCLUSION
This study reveals the genotoxic effect of the single
and combined exposure of Acetamiprid and Propineb pesticides on human peripheral lymphocytes by using an MN
assay. Although at lower concentrations Acetamiprid and
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Propineb are not genotoxic and cytotoxic individually, it
was observed that the exposure to these pesticides when
combined may have synergistic effect at 48- hour exposure
periods on lymphocytes and a significant increase in MNi
frequency; and a significant decrease in NDI values occured. More genotoxic studies with different biological test
systems are necessary to investigate that the use of Acetamiprid and Propineb when combined may be hazardous
to animals, including humans. Further studies regarding
their kinetics, dosimetry, dose-response and interaction
with each other and the tissue, which will benefit synergistic risk assessment, are required to determine safe limits for
humans and the environment.
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EFFECTS OF ROOT RADIAL OXYGEN LOSS ON
MICROBIAL COMMUNITIES INVOLVED IN Fe REDOX
CYCLING IN WETLAND PLANT RHIZOSPHERE SEDIMENT
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ABSTRACT
Iron (Fe) is a ubiquitously abundant redox active transition metal in sediment system. Root radial oxygen loss
(ROL) allows roots to create an oxidized rhizosphere. In
this study, we investigated the effects of root ROL on microbial communities involved in Fe redox cycling in wetland plant rhizosphere sediment. The results showed that
the rhizosphere was a redox active sediment zone in which
oxidation and reduction occurred simultaneously. Root
ROL was correlated with Fe plaque and Fe(II) concentrations in the rhizosphere. Oxygen released from roots stimulated the oxidation of Fe(II) to Fe(III) on root surface or
in the rhizosphere, which affected Fe(II)-oxidizing bacterial (FeOB) and Fe(III)-reducing bacterial (FeRB) communities. The abundances of FeOB and FeRB were higher in
the rhizosphere than in the control. Relatively high proportions of poorly crystalline Fe, FeOB and FeRB suggest that
the rhizosphere promote microbial Fe cycling in wetlands.
These results provide an insight for the contribution of
FeOB to rhizosphere Fe oxidation, and its combined role
with FeOB and FeRB in Fe cycling. This study demonstrates that root ROL creates a biologically active zone in
sediment and acts as an important parameter on rhizosphere Fe redox cycling.
KEYWORDS:
Fe oxides; Root radial oxygen loss; Poorly crystalline Fe; Fe
plaque; Fe(II)-oxidizing, bacteria; Fe(III)-reducing bacteria

and magnetite [5]. They accumulate in sediments and are
thought to play an important role in the sorption of trace
elements, including heavy metals and nutrients [6, 7].
Wetland plants often grow in waterlogged sediment. It
is common to observe Fe oxyhydroxide coatings on the
surface of roots, often referred to as Fe plaque [8]. The
presence of wetland plants that release oxygen from their
root system in a process known as root radial oxygen loss
(ROL) [9] can induce opposing Fe(II) and O2 gradients in
the rhizosphere. Observations of both Fe(II)-oxidizing bacteria (FeOB) [10, 11] and Fe(III)-reducing bacteria (FeRB)
[12] on the root of wetland plants suggest that root promotes rhizosphere Fe cycle. Evidence is increasing that
FeOB are necessary factors in the oxidative process of the
Fe cycling [10, 13] in which poorly crystalline Fe is continually regenerated by FeOB [14]. Microbial Fe(III) reduction were also investigated in sediment environment
[15, 16]. Geobacter and Shewanella which are representative strains of Fe(III) reducers, require direct contact to reduce Fe oxides [17].
It is clear that ROL could change the form of Fe oxides
and also associate with microorganisms in rhizosphere [14,
18]. In this study, we hypothesized that root ROL is a controlling factor of the microbial community involved in Fe
redox cycling in wetland plant rhizosphere sediment. The
aim of the present study was to measure the effects of root
ROL on Fe oxides, FeOB and FeRB in the rhizosphere sediment of wetland plant.

2. MATERIALS AND METHODS
1. INTRODUCTION
2.1 Wetland plants

Iron (Fe), which represents the fourth most abundant
element on earth, has been the focus of several studies in
recent years, because of its importance in biogeochemical
redox reactions [1-4]. In natural environments, Fe oxides
include poorly crystalline forms, such as ferrihydrite and
crystalline forms, such as lepidocrocite, goethite, hematite

2.2 Sediment preparation

* Corresponding author

The surface sediment samples (0-10 cm) were obtained
with a Petersen dredge from Lake Donghu, Wuhan Province,

Four species of wetland plants, Elodea nuttallii, Potamogeton malaianus, Vallisneria spiralis and Myriophyllum verticillatum, which were commonly used in constructed wetlands in China, were selected in our study.

3956

© by PSP Volume 24 – No 11b. 2015

Fresenius Environmental Bulletin

China. Samples were sealed in polyethylene bags and transported back to the laboratory in a cooler as soon as possible.
Prior to the plant growth experiment, the sediment was
ground sufficiently to pass through an 80 mesh sieve. The
basic properties of the sediment were presented as follows:
total nitrogen (TN 5.66 0.49 mg g−1), total phosphorus
(TP 1.35 0.09 mg g−1), total Fe (TFe 21.74 0.41 mg
g−1), Fe(II) (12.47 0.14 mg g−1) and pH (6.970.22).
2.3 Experimental design

Cylindrical nylon bags (rhizobag, 400 mesh; 7 cm diameter and 12 cm height) were designed to separate the rhizosphere from the non-rhizosphere (control). About 10 cm
depth sediment was filled in and outside the rhizobag which
were then placed in aquariums (inner dimension: 70 × 50 ×
50 cm). After standing 20 days at room temperature, the
plants were inserted in the rhizobag. All samples were cultivated in a greenhouse under a 12/12 h light/dark (1500 lux/0)
cycle at 25°C. During the experiment, distilled water was
added daily to replenish water lost with evaporation. The
training cycle for this experiment was 60 days.
2.4 Harvesting and sampling

Previous studies had defined the sediment within a
4 mm distance around the root as the rhizosphere sediment [19, 20]. After growing for 60 days in rhizobags, all
plants were harvested. After the roots were carefully extracted, the sediment attached to the roots was collected
and deemed as rhizosphere sediment in this study. Control
sediment was defined as the sediment outside of the rhizobag (without plants), and was sampled at 3-4 cm depth.
Plants were washed thoroughly with deionized water and
used for the determination of root ROL, porosity and Fe
plaque.

2.6 Measurement of Fe plaque and Fe fractions

Fe plaque on the root surface was extracted for 3 h with
40 mL of dithionite citrate bicarbonate solution (containing
0.03 M Na3C6H5O7·2H2O, 0.125 M NaHCO3 and 0.06 M
Na2S2O4) following the method of Taylor and Crowder [23].
After digestion with hydrochloric acid (3 M) for 16 h,
Fe(II) and Fe plaque in the extract were determined using
a modified 2,2,-bipyridyl spectrophotometric method [24].
To measure the forms and availability of Fe, different Fe
forms were investigated with sequential extractions. We
used a five-step sequential extraction procedure that was
slightly modified from Weiss et al. [14]. The exchangeable
Fe, organically bound Fe, poorly crystalline Fe, strongly
crystalline Fe, and residual Fe fractions were extracted with
1.0 M magnesium chloride (pH 5), 0.1 M sodium pyrophosphate, 0.2 M acid ammonium oxalate (pH 3), dithionite citrate bicarbonate solution, and nitric acid, respectively. All extractants were analyzed for Fe on a spectrophotometer at 520 nm [24].
2.7 DNA extraction, high throughput sequencing and real time
quantitative PCR (qPCR)

2.5 Measurement of root ROL and root porosity

The root ROL of each plant was quantified by the
Ti(III)-citrate method [21]. Briefly, 30 mL TiCl3 (1.16 M)
was added to a deoxygenated 0.2 M Na3C6H5O7 solution
(300 mL) to form a Ti3+-citrate solution, and then the pH was
adjusted to 5.6 with NaCO3 solution. Plant samples were
washed carefully and inserted into 50 mL tubes with roots
completely immersed in 40 mL deoxygenated 10% Hoagland’s solution [22]. Control treatments did not contain
any plants. Subsequently, Ti3+-citrate solution (5 mL) was
added to the tubes, followed immediately by covering the
solution surface with 2 cm of paraffin oil to prevent the oxidation of atmospheric O2. The test tubes were incubated at
25°C under 1500 lux illumination. After 6 h, all tubes were
shaken gently and the solutions were measured at 527 nm
using a UV-visible spectrophotometer.
The amount of released O2 was determined based on
Ti3+-citrate oxidation. Root ROL was calculated according
to the following equation:

ROL = 1000 c (y − z) / g / T

where c is the initial volume of Ti3+-citrate added to
each tube (L), y is the concentration of Ti3+-citrate solution
without plants (mM), z is the concentration of Ti3+-citrate
solution with plants (mM), g is root dry weight (dw) (g) and
T is the response time (h).
Root porosity was measured using a pycnometer [21].
About 0.5 g fresh root was used for porosity measurement.
The results were calculated using the following equation:
Porosity = [(Pvr– Pr) / (r + P – Pr)] × 100
where Pvr is the mass of pycnometer with vacuumed
roots and water (g), Pr is the mass of pycnometer with water and roots (g), r is the mass of roots (g) and P is the mass
of pycnometer with water (g).

Microbial DNA was extracted using EZNA soil DNA
kits (Omega, America). For each soil sample, DNA was extracted in duplicate and analyzed separately. High throughput sequencing was used to determine the composition of
the bacterial community. Bacterial universal primer 8F (5’GAGTTTGATCCTGGCTCAG-3’) and 533R (5’-TTACCGCGGCTGCTGGCAC-3’) [25] were used to amplify
16S rRNA gene fragments. The amplicons were sequenced
by Majorbio on a Roche 454 FLX sequencer. Operational
taxonomic units (OTUs) were clustered at the 97% sequence
identity level with mothur (furthest neighbor method) and
chopseq (Majorbio).
Primers of real time qPCR were designed based on the
known specific primers are shown in Table 1. 10 L reaction volumes containing 5 L iTaq universal SYBR Green
Supermix (BioRad, America), 3.5 L water, 0.5 L of each
primer and 0.5 L template DNA. Standards of qPCR were
generated by PCR using the primers shown in Table 1. After confirmation by agarose gel electrophoresis, the PCR
products were cloned into a pMD18-T vector (Takara, Ja-
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TABLE 1 - Primers and conditions used for real time qPCR analysis
Target group
Total Bacteria

Gallionella

Geobacter

Shewanella

Primer

Sequence (5’-3’)

PCR cycling profile

References

341F

CCTACGGGAGGCAGCAG

797R

GGACTACCAGGGTATCTAATCCTGTT

95°C/4min, 94°C/45s,
65°C/20s, 40 cycles

[26]

122F

ATATCGGAACATGTCCGG

998R

CTCTGGAAACTTCCTGAC

94°C/10min, 94°C/45s,
59°C/30s, 45 cycles

[18]

564F

CAAGTCGTACGAGAAACATATC

840R

GAAGAGGATCGTCTTTCCACGA

94°C/10min, 94°C/30s,
55.7°C/30s, 40 cycles

[27]

120F

GCCTAGGGATCTGCCCAGTCG

220R

CTAGGTTCATCCAATCGCG

95°C/10min, 94°C/30s,
60°C/1min, 40 cycles

[16]

TABLE 2 - Root radical oxygen loss (ROL), porosity and Fe plaque of wetland plant species
Species

ROL mol O2 g1 dw root h1

Porosity %

Fe plaque mg g1 dw root

E. nuttallii

23.40  0.76

12.22  1.71

2.93  0.25

P. malaianus

35.12  1.44

14.75  0.48

4.03  0.01

V. spiralis

39.08  7.44

14.30  0.15

4.58  0.07

M. verticillatum

44.33  2.50

17.75  0.55

6.48  0.25

pan). Positive clones were separated and extracted by plasmid DNA using AxyPrep plasmid miniprep kits (Axygen,
China). A dilution series of plasmid DNA concentrations
ranging from 109 to 105 copies L−1 was used to generate
the standard curves of qPCR. The online database of
BLAST (http://www.ncbi.nlm.nih.gov/BLAST/Blast) was
used to check primer specificity to the target sequences.
Standards and DNA samples were measured in triplicate in
all quantification experiments.

nificantly correlated with porosity in this study (r=0.843,
P=0.001). So a well-developed porosity would promote
ROL from roots to the rhizosphere [19].

2.8 Statistical analysis

Quantitative data were expressed as means ± SD. Oneway analysis of variance followed by post-hoc least significant difference testing was used to determine the variations between rhizosphere and control sediment characteristics. Statistical significance was set at the P < 0.05 level.
All statistical analyses used the Statistical Product and Service Solutions 19.0 (SPSS, IBM, USA). A Pearson’s correlation analysis was performed in SPSS to uncover quantitative associations among variables.

3. RESULTS AND DISCUSSION
3.1 Root ROL and sediment characteristics

Root ROL, thought to be a byproduct of root oxygenation, varies considerably among different wetland plants
[28-31]. ROL ranged from 23.40 to 44.33 mol O2 g−1 dry
root h−1 (Table 2). Accordingly, we found ROL to be sig-

FIGURE 1 - Sediment characteristics in rhizosphere and non-rhizosphere sediment (*, indicate asignificant difference (P<0.05) between
the rhizosphere and non-rhizosphere sediment)

No statistically significant change was observed in total Fe between rhizosphere and non-rhizosphere sediment
(Figure 1). The concentration of Fe(II) decreased in the rhizosphere. Using a sequential extraction method, the rhizosphere was found to contain significantly more poorly crystalline Fe (average 75.567.70%) than the non-rhizosphere
sediment (63.710.51%) whereas the non-rhizosphere had
higher percentage of crystalline Fe (30.900.65%) than
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rhizosphere (22.598.29%). The exchangeable fraction was
higher in non-rhizosphere. Fe in the rhizosphere mainly existed in the form of poorly crystalline and crystalline Fe.
The high abundance of poorly crystalline Fe is superior
substrate for FeRB [14, 32]. Conversely, most of the Fe
oxides in wetland sediment are in a crystalline form not
readily reduced by FeRB [32].
O2 oxidizes Fe(II) to Fe(III) in the rhizosphere and
creates a biologically active zone of the sediment around
plant roots [33]. The results also showed root ROL was
negatively correlated with Fe(II) (Figure 2a). ROL induced
the formation of Fe plaque on the root surface (Table 2)
significantly [34]. The prevailing wisdom is that Fe(II) is
subject to chemical oxidation by O2 rapidly, and the Fe(III)
produced quickly as Fe plaque on the root [35-37]. The result also showed a positive correlation between root ROL
and Fe plaque (Figure 2b).

process range from 2075% [34, 38-40], which suggested
FeOB could play an important role in Fe plaque formation.
3.2 Microbial community structure analysis

Proteobacteria was the most abundant phylum, represented by approximately 22.76–42.87% of OTUs among
all samples and the percentage of Proteobacteria was
higher in rhizosphere than in control sediment (Figure 3).
Only six phyla had average OTU abundances greater than
4% in each sample, but accounted for more than 70% of
total reads. FeOB and FeRB, many of which belong to Proteobacteria, were also detected in both rhizosphere and
control sediment. Siderooxydans lithoautotrophicus ES-1,
which was another FeOB [41], was higher in rhizosphere
than in control sediment (Table 3). Geobacter-related
FeRB only accounted for less than 1% of the total Bacteria.
High percentage of FeOB might be partially attributable to
root ROL [14]. This possibility would be more conducive
for a greater activity of FeOB in the rhizosphere and is
supported by the evidence of apparent Fe plaque on the surface of root [42].

FIGURE 3 - Bacterial composition at phylum level in rhizosphere
versus control sediment
3.3 Abundance of FeOB and FeRB

FIGURE 2. Person correlations between root ROL and Fe(II) in rhizosphere or Fe plaque on root

Despite the fast chemical Fe(II) oxidation, a net rate
increase in the presence of neutrophilic Fe(II) oxidizers has
been observed in several studies [1, 11, 18]. O2 that diffuses
away from the root hits the diffusion gradient of Fe(II)
from the anoxic sediment and creates an oxidized zone for
FeOB that would find optimum electron donor and acceptor supply [11]. Microbial contributions obtained in this

FeOB are ubiquitous in wetlands [11, 13, 43, 44]. Previous research has revealed that Gallionella habitats are
commonly characterized by high Fe(II) levels (5–25 mg
L−1), low O2 concentrations (< 50 M) and a circumneutral
pH (6.0–7.6) [38, 45, 46], conditions comparable to those
of our study. Gallionella-related FeOB was quantified in
sediments. Gallionella-related FeOB ranged from 5.07 ×
107 to 1.53 × 108 copies g−1 dw sediment (Figure 4). The
percentage of Gallionella in the rhizosphere ranged from
0.12% of P. malaianus to 0.17% of V. spiralis. On average,
about 0.14% of the rhizosphere bacterial community was
Gallionella-related FeOB (Table 4). The absolute abundances of FeOB were significantly higher in rhizosphere
than in control sediment. This provided an insight for the
contribution of FeOB to rhizosphere Fe(II) oxidation. The
roots are also the primary source of O2 available to aerobic
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TABLE 3 - The percentage of target bacteria from high throughput sequencing
OTU ID
OTU1
OTU33
OTU369
OTU2315
OTU2683
OTU553
OTU419
OTU3750
OTU3785

E. nuttallii
8.57
0.54
0.25
0.10
0.07
0.04
0.16
0.00
0.00

P. malaianus
6.32
1.01
0.53
0.83
0.17
0.02
0.24
0.00
0.00

V. spiralis
0.37
0.10
0.15
0.06
0.16
0.04
0.00
0.00
0.00

M. verticillatum
22.86
0.29
0.53
0.44
0.15
0.04
0.05
0.00
0.00

Control
0.10
0.06
0.04
0.04
0.05
0.02
0.00
0.01
0.01

Taxonomy
Gallionellaceae, Sideroxydans lithotrophicus ES-1
Gallionellaceae, uncultured
Gallionellaceae, uncultured
Gallionellaceae, uncultured
Gallionellaceae, uncultured
Geobacteraceae, Geobacter
Geobacteraceae, Geobacter
Geobacteraceae, Geobacter
Geobacteraceae, Geobacter

TABLE 4 - The relative proportions (% total bacteria) of Gallionella-related Fe(II)-oxidizing bacteria, Geobacter- and Shewanella-related
Fe(III)-reducing bacteria in rhizosphere and the control sediment by qPCR analysis *, indicate a significant difference (P<0.05) between the
rhizosphere and the control sediment (2-tailed).
Gallionella

Geobacter

Shewanella

0.13  0.02

0.85  0.16

0.06  0.01 *

P. malaianus

0.12  0.01

1.33  0.15 *

0.05  0.01 *

V. spiralis

0.17  0.07

2.23  1.54 *

0.10  0.01 *

M. verticillatum

0.13  0.01

1.23  0.02 *

0.05  0.01 *

Control

0.10  0.01

0.61  0.02

0.02  0.00

E. nuttallii

*, indicate a significant difference (P<0.05) between the rhizosphere and the control sediment (2-tailed).

FeOB living in otherwise anoxic sediment [47]. No significant relationship was found between root ROL and FeOB
abundance, which indicated biological and chemical processes have a mutual influence on Fe oxidation in rhizosphere sediment.
Geobacter gene copies ranged from 3.60 × 108 to 1.77
× 109 g−1 dw sediment, while Shewanella species were present at levels of 1.34 × 107 to 6.23 × 107 copies g−1 dw sediment.

FIGURE 4 - Abundance of target gene copies in rhizosphere versus
control sediment (*, indicate a significant difference (P<0.05) between
the rhizosphere and non-rhizosphere sediment)

FeRB (Geobacter and Shewanella) abundance was also
significantly higher in rhizosphere than in control sediment

(Figure 4). Geobacter averaged 1.41% of the rhizosphere
bacterial community and Shewanella averaged 0.06% of the
rhizosphere bacterial community. The abundance of FeRB
accounted for 0.902.33% of the total Bacteria in the rhizosphere but only 0.64% in control sediment (Table 4).
Observations of both FeOB and FeRB suggest that microbial Fe(II) oxidation and Fe(III) reduction are coupled
within the rhizosphere sediment. The formation of Fe plaque
on the root surface indicates that rates of Fe(II) oxidation in
the rhizosphere are generally faster than Fe(III) reduction
[47]. Fe oxides are excellent electron acceptors which can
be rapidly reduced through anoxic Fe(III) respiration [48,
49]. Fe oxides are biologically produced by FeOB, whereas
FeRB related species are most likely responsible for Fe reduction. So tightly linked microbial Fe cycling has the potential to enhance with FeOB and FeRB populations [49].
The laboratory assays had showed Fe reduction rates were
about 2 times higher in rhizosphere than in non-rhizosphere
sediment [14], suggesting microbial Fe(III) reduction is an
important biogeochemical process in sediment [16].
The high percentage of poorly crystalline Fe in the rhizosphere (Figure 1) may be one factor for the high densities
of FeRB [32, 47]. A significant correlation was found between the amount of poorly crystalline Fe and the relative
abundance of FeRB (Geobacter, r=0.594, P<0.05 and Shewanella, r=0.817, P<0.01). These results imply that the relatively large abundances of poorly crystalline Fe promotes
the high densities of FeRB in the rhizosphere. Another factor contributed to the high densities of FeRB in rhizosphere
may be the fractions of sediment organic matter [50]. This
phenomenon is due to the activity of different microbes,
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through which organic matter can be oxidized to carbon dioxide with Fe(III) serving as electron acceptor [51, 52].

[6]

Mendelssohn I.A., Kleiss B.A. and Wakeley J.S. (1995) Factors
controlling the formation of oxidized root channels: a review. Wetlands 15:37-46.

Higher relative abundances of FeOB and FeRB in rhizosphere imply that the low O2 conditions favored microbial
Fe cycling. The high abundance of FeRB relative to FeOB
suggests that Fe reduction reactions dominated in these systems. Relatively high proportions of poorly crystalline Fe,
FeOB and FeRB suggest that the rhizosphere promotes microbial iron cycling in wetlands.

[7]

Yang J., Tam N.F.Y. and Ye Z. (2013) Root porosity, radial oxygen loss and iron plaque on roots of wetland plants in relation to
zinc tolerance and accumulation. Plant and Soil 374:815-828.

[8]

Emerson D., Fleming E.J. and McBeth J.M. (2010) Iron-oxidizing
bacteria: an environmental and genomic perspective. Annual Review of Microbiology 64:561-583.

[9]

Armstrong W. (1979) Aeration in higher plants. Advances in Botanical Research:225-332.

4. CONCLUSIONS
This study had revealed that wetland plants possessing
high porosity and high ROL from their roots tend to had
high Fe plaque on root surfaces and poor crystalline Fe in
their rhizosphere.
The results showed ROL stimulated the oxidation of
Fe(II) to Fe(III) on root surfaces or in the rhizosphere, which
affected the bacterial communities of FeOB and FeRB. Proteobacteria, which was higher in rhizosphere than in control,
was the predominant phylum. Relatively high proportions of
poorly crystalline Fe, FeOB, FeRB suggest that the rhizosphere promote microbial Fe cycling in wetlands. The results demonstrate that root ROL creates a biologically active
zone and plays an important role on rhizosphere Fe cycling.
These observations provide an insight for the contribution of
FeOB to rhizosphere Fe(II) oxidation, and the combined role
of FeOB and FeRB in Fe cycling.
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ABSTRACT
The article presents the procedure for how to develop
a mathematical model for the prediction of NOx concentrations in the ambient air based on the dimensional analysis
and on the method of the Buckingham π theorem. The aim
of this study is to examine options for estimating the parameters of the models and to develop models for a nitrogen oxides formation concentration prediction in outdoor
air. The established model based on selected physical parameters such as roughness, temperature moreover atmospheric pressure and wind speed as well as precipitation.
The investigation is based on field measurements of the selected quantities. As part of the examination various dimensionless relationships were derived to show that between operating parameters and the NOx formation there is
a significant correlation. The obtained results, which are
further described in the article, have proved that fact. The
developed mathematical model has been verified using
measured data in Kosice and the samplings were taken in
the course of a three-month measurement period. The differences between the nitrogen oxides concentrations predicted from developed models and measured concentrations in the outdoor air are also discussed here.
KEYWORDS: mathematical modelling; dimensional analysis; NOx
concentrations; air quality

1. INTRODUCTION
The pollution of the environment is coeval with the appearance of man. Through a wide variety of anthropogenic
activities, physical and chemical waste got into the ambient
air and soil and into natural water in like manner. As a result of urbanization nowadays, with the growth of size and
the number of cities, also due to the social transformations
as well as the development of science and technology in
leaps and bounds and with the combined effect of these air
pollution mitigation become one of the most considerable
* Corresponding author

problem to be solved. In urban environment, the main anthropogenic sources are chiefly heating - which includes
emissions from oil or gas incinerators – just as the activities
of transport - which includes emissions from road traffic
(avenues, boulevards, expressways, motorways, highways), furthermore, when existing emissions from ships
and harbor traffic - and industrial activities, like heavy
manufacturing (e.g. paper mills, chemical plants, petroleum refineries, and steel mills and foundries), coal and
mineral mining and oil and gas exploration and processing
in addition to power generation [1].
Previous studies have demonstrated that the accelerated urbanization of modern cities have a significant effect
on urban air pollution and reduce local air quality [2-4].
Many other studies have investigated the environmental effect of increased mobility and road traffic in urban areas
[5-13].
Studies have also examined the spatial and temporal
variations of single air pollutants, including SO2 [14, 15],
PM10 [16, 17], NO2 [18, 19], CO [20, 21], O3 [22, 23] and
benzene, toluene, ethylbenzene and xylene (BTEX) form
an important group of aromatic Volatile Organic Compounds (VOCs) [24, 25]. Much of the available literature
concerned with the impact of various air pollutants in the
urban environment and its association with weather conditions [26-31].
For the analysis of the atmospheric emissions modelling is an important essential and fundamental tool. Several
types of models have been developed for simulating the atmospheric dispersions and analysing the air quality. According to [32] the air pollution models can be grouped in
the following way: simple deterministic models, statistical
models, smoke torch and puff models, box and multibox
models, grid models, particle models, physical models as
well as regional models. Many of the authors (e.g. [33-39]
concerned with air pollution models, what they used in air
quality and traffic management, urban planning, interpretation of monitoring data, pollution forecasting, population
exposure, etc. Previous studies [40, 41] have demonstrated
also to represent the real world situation with the help of
different mathematical models.
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A dimensional analysis (DA) is an acclaimed and wellknown methodology in physics, chemistry and other engineering areas and it is a widely used technique for performing such conversions using the rules of algebra. The basic
idea of the dimensional analysis had surfaced the first time
in Fourier's work in the nineteenth century's. Later it was
perceptible in the works of Lord Rayleigh moreover Reynolds in addition Maxwell. In the 1920’s Buckingham’s theorem (pi-theorem or Π-theorem) had appeared and Bridgman [42] had published the monograph. Since then the theory is extensively and broadly developed and confirmed by
the experiments in the works of [43-46]. The literature has
grown and applications now include indoor air pollution
(see for instance [47, 48] and also water pollution (see for
example [49-51].
In this presented study the authors made an experiment
to develop a mathematical model based on dimensional
analysis for prediction of the NOx concentrations in the
ambient air. Therefore, the attention was paid, among others, to physical parameters such as roughness, temperature,
atmospheric pressure, wind speed and precipitation, which
may indicate the concentration of nitrogen oxides.

2.2 Defining the project sources

For modelling the air quality, it is important to know
the parameters that influence ambient air quality. The relevant parameters are the following: Roughness (m); Temperature (K); Atmospheric pressure (kg.m-1.s-2); Wind
speed (m.s-1) and Precipitation (m.s-1). The necessary meteorological data were obtained from a personal weather
station (PWS) in Kosice and also from the Slovak Hydrometeorological Institute (SHMU). The data measured during the summer in 2014 over three months, from June 2014
to August 2014. Statistically processed data are in Table 1
(one data equal to the average of the measured data in a
measurement period).
To calculate the roughness parameters the morphometric methods were used, which is based on the quantification
of the surface geometry. In the method all objects occurring
in the study area (buildings, plants, etc.) will be defined as
a roughness element and the surface roughness calculation
will be led back to the specific values of these elements.
The used calculation method:
Where,
Z0 is the aerodinamical roughness length
F0 is the coefficient varying between 0.06 and 0.13
zH is the average height weighted with frontal area

2. MATERIALS AND METHODS
2.1 Study area

To calculate the roughness parameters the following
units were used: ZH = 16 m as the average height weighted
with frontal area and F0 = 0.13 as the coefficient.

According to the information about the population densities and the public transportation moreover the daily traffic
intensities also the iso-altitude contours and the building
heights as well as the prevailing climatic conditions and the
location of air pollutant sources furthermore the dispersion
conditions the downtown area of Kosice was selected. The
city is located in the eastern part of the Slovak Republic
and it is the second most populated city of the country with
approximately 200.000 inhabitants. The major air pollution
sources of the area are the traffic and the heavy industry,
mainly engineering, non-ferrous and ferrous metallurgy.

2.3 Measurements of nitrogen oxides

The study was carried out according to the Decree No.
360/2010 Coll. on Air Quality and to the Decree No.
137/2010 Coll. on the clean Air furthermore the Council
Directive 2008/50/EC. To detect the concentrations of NO
and NO2 electrochemical sensors were used. The measurement range of the NO2 sensor is 0...30 ppm, in the case of

TABLE 1 - Values of the relevant arguments, measured values of pollutant concentrations
Date
16.6.14
18.6.14

Roughness
(m)

Temperature
(K)

Atm. pressure
(kg.m-1.s-2)

Wind speed
(m.s-1)

Precipitation
(m.s-1)

NOx
(kg.m-3)

2.08 x100
2.08 x100

2.92 x102

1.02 x105

5.01 x100

1.27 x10-8

3.16 x101

2

5

0

-8

4.11 x101

2.95 x10

1.02 x10

3.43 x10

1.27 x10

19.6.14

0

2.08 x10

2.97 x102

1.01 x105

8.15 x10-1

1.27 x10-8

3.65 x101

24.6.14

2.08 x100

2.94 x102

1.01 x105

3.90 x100

1.27 x10-8

4.78 x101

27.6.14

2.08 x100

2.93 x102

1.02 x105

4.49 x100

1.27 x10-8

3.21 x101

7.7.14

2.08 x100

2

5

2.74 x10

-8

3.35 x101

8.7.14

2.08 x100

2.74 x10

-8

2.54 x101

10.7.14

2.08 x100

2.74 x10

-8

3.17 x101

16.7.14

0

2.74 x10

-8

3.16 x101

2.78 x10

-8

1.78 x101

2.78 x10

-8

1.13 x101

2.78 x10

-8

1.58 x101

2.78 x10

-8

1.20 x101

11.8.14
13.8.14
14.8.14
15.8.14

2.08 x10

0

2.08 x10

0

2.08 x10

0

2.08 x10

0

2.08 x10

3.02 x10

2

3.01 x10

2

2.94 x10

2

3.01 x10

2

3.02 x10

2

2.96 x10

2

2.96 x10

2

2.95 x10

1.02 x10

5

1.01 x10

5

1.01 x10

5

1.02 x10

5

1.02 x10

5

1.01 x10

5

1.01 x10

5

1.01 x10
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2.64 x10

-1

0

2.06 x10

0

1.47 x10

0

6.86 x10
2.64 x10

-1

0

2.20 x10

0

1.76 x10

0

1.60 x10
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NO sensor the range is between 0...50 ppm; moreover the
operating temperature conditions were between -10°C and
+40°C and the humidity range were between 10 and 99%
in addition the accuracy was ±3% full scale deflection.
The samples were collected in the course of a dynamic
measurement method, which means that the devices were
not fixed on one measurement point. The sampling instruments were placed on the top of a car (as visible on the
Figure 1) where the ventilation was adequate and nothing
obstructed the free flow of the air. The apparatus took a
sample in every five seconds. A space-based satellite navigation system, called Global Positioning System (GPS)
was also used during the measurements and in one measurement period 95 samples were taken.

independent of each other. From n = 5 independent variables
a matrix r can be set up with (n-r) dimensionless arguments.
unit/variable
K
m
kg
s

Q1
0
1
0
0

Q2
1
0
0
0

Q3
0
-1
1
-2

Q4
0
1
0
-1

Q5
0
-3
1
0

Q6
0
1
0
-1

(2)

Wind speed Q4 has the same dimension as Precipitation Q6. This is clear from the principle of dimensional
analysis that if we have two variables with the same dimension, we consider only one of them. For the next solution,
we have chosen Wind speed Q5. Precipitation Q6 is applied in the following calculations in the simplex (dimensionless argument) π2, which is presented by Eq. (10).
For the general form of the argument the following
equation is valid:
π

Q

Q

Q

Q

Q

Q

(3)

The matrix is modified for solution in a way that the
determinant is not equal to zero.
0
1 0 0
1 0
1 1
0 0 1
0
0 0
2
1
FIGURE 1 - Measurement devices placed on the top of the car

1

0
3
1
0

The determinant of the matrix:
∑ 1
a
M
∆
1
∆

2.4 A dimensional analysis-based model

A model describing a nitrogen concentration in air is
based on the formation of dimensionless arguments πi from
the stated variables influencing the pollutant concentrations. Their valuable property is that in all existing systems
of units, they have the same numerical size, and they have
no dimension. Formation of the model consists in the derivation of functional dependence of the expressed dimensionless variables, which in general always has an exponential character. The transformation of this function into
logarithmic coordinates corresponds to the linear character
that makes the work with the model easier and enables us
to determine the parameters of linear function.
The general relation between the selected variables,
which can affect the NOx concentration, can be expressed
in the next form:
0
(1)
φ Q ;Q ;Q ;Q ;Q ;Q
The relevant selected parameters are the following: Q1 =
Roughness (m); Q2 = Temperature (K); Q3 = Atmospheric
pressure (kg.m-1.s-2); Q4 = Wind speed (m.s-1); Q5 = NOx
concentration (kg.m-3) and Q6= Precipitation (m.s-1). The
subsequent abbreviations were used for the relevant parameters: Roughness [Z0]; Temperature [T]; Atmospheric
pressure [P]; Wind speed [v]; NOx concentration [NOx] and
Precipitation [Pr].
The dimensional matrix-relationship created (2) has the
rank of a matrix where r = 4 and its lines are dimensionally

x
x
x
x

|x |

(4)

(5)

Then the matrix (4) is changed to the system of four
linear equations with five unknown parameters
0 x
x
x
x
(6)
3x
x
x
x
0
2x
Selection of the unknown parameter is done, and independent vector (7) is obtained by solution of the system of
four linear Eq. (6)
x1 x2 x3 x4 x5
0
0
1
2
-1
π
After completing Eq. (2), for the general form of the
argument, π is valid
π

P

v

NO

(8)

The second argument is the rate of two variables with
the same dimension
(9)
x4 x6
-1 1
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v
Pr
π
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For the system of two vectors, for dimensionless arguments, the final valid solution is:
π
π

x1
0
0

x2
0
0

x3
1
0

x4
2
-1

x5
-1
0

x6
0
1

(11)

Regression of the straight line for the calculation of the
regression coefficients can be calculated by the method of
least squares. After completing the relation [Eq. (15)], the
relation characterizing the pollutant concentrations in an
ambient air is obtained in the form of

The searched dimensional homogeneous function in
the dimensionless form is:
0
(12)
φ π π
After the adjustment and backward transformation of
the dimensions of these particular variables, the function
has the form
φ

;

0

(13)

The dimensionless argument π1 contain the unknown
parameter NOx; therefore, this argument can be expressed
as the function of the argument π2 in the form
π
(14)
φ π
The relation [Eq. (14)] between the independent argument π2 and the dependent argument π1 can be defined by
exponential equation
A π
(15)
π

A

(16)

After modification, the following equation is valid
NO

A

Pr

P

v

v

NO
Eq. (17) and (18) presents the model of the pollutant
concentration in the air. The model is valid for nitrogen oxide, but it is necessary to calculate a new regression coefficient for A and B.
3. RESULTS
According to the known relevant parameters (from Table 1), the dimensionless arguments were stated from Equation (8) and Equation (10). The real courses of the dependence [Eq. (14)] of dimensionless arguments π1 to π2 in logarithmic coordinates are depicted in Figure 2 to Figure 6.

1,00E+13

1,00E+12
y = 7754,8x‐1,074
R² = 0,81
1,00E‐08

(17)

1,00E‐07

1,00E+11
1,00E‐06

FIGURE 2 - Dimensionless arguments and regression line in logarithmic coordinates, when the wind speed is between 0-3 km/h.

1,00E+14

1,00E+13
y = 3E‐24x‐4,729
R² = 0,9175
1,00E+12
1,00E‐07

1,00E‐08

FIGURE 3 - Dimensionless arguments and regression line in logarithmic coordinates, when the wind speed is between 3-6 km/h.
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1,00E+14

1,00E+13
y = 1E‐135x‐18,78
R² = 0,9572
1,00E+12
1,00E‐07

1,00E‐08

FIGURE 4 - Dimensionless arguments and regression line in logarithmic coordinates, when the wind speed is between 6-10 km/h.

1,00E+14

y = 1,3099x‐1,579
R² = 0,8169

1,00E+13
1,00E‐08

1,00E‐09

FIGURE 5 - Dimensionless arguments and regression line in logarithmic coordinates, when the wind speed is between 10-18 km/h.

1,00E+15

y = 2E+23x1,0603
R² = 0,9001

1,00E+14
1,00E‐08

1,00E‐09

FIGURE 6 - Dimensionless arguments and regression line in logarithmic coordinates, when the wind speed is between >18 km/h.

In the calculations the following wind speed groups
have been taken into account:
1. group: where the wind speed value is less than three
km/h

3. group: where the wind speed is between six and 10 km/h

2. group: where the wind speed value is between three and
six km/h

The regression equations are given in Table 2. The regression coefficients are shown in Table 3.

4. group: where the wind speed is between 10 and 18 km/h
5. group: where the wind speed is above 18 km/h
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TABLE 2 - The regression equations of the different wind speed
group
Wind speed
<3 km/h
between 3-6 km/h
between 6-10 km/h
between 10-18 km/h
>18 km/h

Regression equation
7.75 10
3.00 10
1.00 10
1.31 10
2.00 10

.
.
.
.
.

TABLE 3 - The regression coefficients of the different wind speed
group
Wind speed
<3 km/h
between 3-6 km/h
between 6-10 km/h
between 10-18 km/h
>18 km/h

Coefficient A
7,75 10
3.00 10
1.00 10
1.31 10
2.00 10

Coefficient B
-1.07 10
-4.73 10
-1.88 10
-1.58 10
1.06 10

Nitrogen concentrations were calculated according to
[Eq. (17)] – developed model for the prediction of pollutant
concentrations in ambient air; on the basis of measured input parameters and determined regression coefficients.
The measured and modelled values of NOx concentrations are compared and the developed model was verified
for June, July and August. On the histogram (Figure 7) the
comparisons of the daily average measured and calculated
from developed model (predicted) NOx concentrations has
been plotted. The horizontal axis indicates the measurement period (13 days) and the vertical axis shows the NOx
concentrations. Each column on Figure 7 is equal to one
measurement period averaged.
Figure 8 depicts the variance of measured and modelled NOx concentrations for the measurement period in
June. The x axis represents the measurement period - what
were 5 days - and the y axis shows the NOx concentrations.

60,00

Concentration[μg/m3]

50,00
40,00
30,00
20,00
10,00
0,00

Modelled

Measured

FIGURE 7 - Calibration of the model
60,00
55,00
Concentration[μg/m3]

50,00
45,00
40,00
35,00
30,00
25,00
20,00
15,00
10,00

0

1

2

3

4

5

6

Measurement sequence
Measured

Modelled

FIGURE 8 - The variance of measured and modelled nitrogen cocentrations (June)
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60,00
55,00
Concentration[μg/m3]

50,00
45,00
40,00
35,00
30,00
25,00
20,00
15,00
0

1

1

2

2

3

3

4

4

5

Measurement sequence
Measured

Modelled

FIGURE 9 - The variance of measured and modelled nitrogen concentrations (July)

34,00
32,00
30,00
Concentration[μg/m3]

28,00
26,00
24,00
22,00
20,00
18,00
16,00
14,00
12,00
10,00
0

1

1

2

2

3

3

4

4

5

Measurement sequence
Measured

Modelled

FIGURE 10 - The variance of measured and modelled nitrogen concentrations (August)

Figure 9 shows the variance of measured and modelled
NOx concentrations for the measurement period in July.
The x axis represents the measurement period - what were
4 days - and the y axis shows the NOx concentrations.
Figure 10 shows the variance of measured and modelled NOx concentrations for the measurement period in
August. The x axis represents the measurement period what were 4 days - and the y axis shows the NOx concentrations.
The comparison of the measured and modelled values
of NOx concentrations is shown in Figures 7-10. The average uncertainty was calculated according to Eq. (19).
Uncertainty was calculated from this equation:
∑

,

,
,

100

(19)

The average absolute errors of the different wind speed
groups for the verified model:
TABLE 4 - The average absolute errors of the different wind speed
group
Wind speed

Absolute error

<3 km/h
between 3-6 km/h
between 6-10 km/h
between 10-18 km/h
>18 km/h

40.70%
7.63%
12.17%
3.64%
9.19%

The average absolute error is 14.66% for the verified
model.
The average absolute errors for the verified model for
each month.
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TABLE 5 - The average absolute errors of the model for each month
Month

Absolute error

June
July
August

7.09%
24.88%
19.00%

The average absolute error is 16.99% for the verified
model.

4. DISCUSSION
Dimensional analysis is a useful tool in engineering and
any other sciences to examine the relationship between different physical quantities by identifying their fundamental
dimensions (like in the presented study atmospheric pressure, wind speed or precipitation) and units of measure (such
as meter, gram or second). The key theorem of the analysis
is the Buckingham π theorem, which states that if there is a
physically meaningful equation involving a certain number
n of physical variables and r is the rank of the dimensional
matrix, then the original expression is equivalent to an equation involving a set of p=n-r dimensionless parameters constructed from the original variables. In addition, it provides
a method for calculating these non dimensional parameters
from the given variables.
Similar research [46, 49] confirmed also that the most
important factors in the prediction of the pollutant concentrations are the input data and the selection of the relevant
quantities. In the case of [46] a comprehensive analysis of
indoor air pollution by nitrogen oxides was carried and the
wide introduction of the experimental measurements confirmed, that the nitrogen oxides production is mainly affected by intensity of gas combustion, exposure period and
air change level. In the research of [49] a model for nitrogen
concentrations in a specific river station, for the river stations
in the Laborec River (eastern Slovakia) was presented and
on the account of the different environment other parameters
influenced the model, like flow of water in the river (mass
flow), area of catchment, velocity of water in the stream,
temperature of water and air. As the received result shows in
the calculations of outdoor air pollution concentration of the
NOx the most important physical parameter was the wind
speed. The obtained results show that in all cases the presented mathematical model are suitable for air- or water
quality modelling. The model developed in this study could
be used for the prediction of the concentration of nitrogen
oxides in the ambient air.

has been developed, calibrated and verified using measured
data in the course of a dynamic measurements in the downtown area of Kosice. The results in Table 4 and Table 5 show
the calculated uncertainty between the nitrogen concentrations predicted from the developed models and the measured
concentrations in the ambient air. According to Equation
(19) the discrepancy between the measured and the modelled values of the different wind speed groups are amongst
3.64% to 40.7%. The deviance between the measured and
the modelled values of each month are amongst 7.09% to
24.88%. The average absolute error of the verified model
is between 14.66% and 16.99%. Many other studies used
dimensional analysis and have developed mathematical
models for indoor pollution or for water pollution with absolute error 17.86% [46] and 31.33% [49]. This discrepancy is allowable for modelling such phenomena like the
concentration of pollutants in outdoor air. Between the
measured and the modelled concentrations the differences
are minimal. The obtained values are acceptable and confirm that the proposed mathematical model is advantageous and effective for the prediction of the nitrogen oxides concentrations in the ambient air.
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5. CONCLUSION
The developed mathematical model presented in this
study demonstrated the possibility to apply dimensional
analysis for the prediction of the nitrogen oxides concentrations in the outdoor air. The analysis based on the wellknown method on the Buckingham π theorem. The model
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ABSTRACT
In this study a geomorphological analysis of Scopia
catchment was achieved, using digital elevation model
(DEM) and GIS. The study area is a 7th order drainage catchment with total number and total length of streams 2,303 and
1,253.53 km, respectively. Mean bifurcation ratio value
3.57) is distinctive of runoff’s predominance versus infiltration, while the 2th stream orders refrain from ideal development, as many of them contribute directly to 4th stream
orders. The drainage density (2.86) and the stream frequency
(5.25), relate to the dense vegetation and the limited permeability of the lithological formations. The area and perimeter are 438.79 km2 and 116.06 km, respectively, the
circularity is 0.40 and the elongation ratio 0.59, indicating
that Scopia is a large-sized and elongated in shape catchment, less efficient in runoff discharge. The relief of the
study area is hilly; with a relatively large average slope of
10.640 that expresses the quantitative of the roughness relief. The greater proportion of slopes ranges from 0o to 5o.
They represent the flat to slightly inclined relief covering
the cultivated areas on the central and west part of the
catchment. The hypsometric integral value (25.74%) indicates that Scopia is an area not in equilibrium status, that
may present the form of maturity stage, but in fact is in a
transition stage (monadnock phase).
KEYWORDS: Geomorphology, hydrographic network, bifurcation
ratio, hypsometric integral, monadnock phase, Central Greece

1. INTRODUCTION
Quantitative analysis of morphometric parameters can
provide information about landscapes’ evolution and development, shape and dimension, surface processes and the
behavior of surface drainage networks. These morphometric/geomorphological factors affect directly or indirectly the
hydrogeological setting of the area, whereas physiographic
elements like relief and slope throw light on the amount of
runoff and infiltration. All these factors control infiltration
and consequently the development of aquifers [1]. Addition-

ally the quantitative analysis of the drainage system is an
important aspect of characterization of watersheds [2]. It
may contain important information regarding its formation
and development, because all hydrologic and geomorphic
processes occur within the watershed [3]. Nowadays, GIS
(Geographic information system) techniques are used for
assessing various terrain and morphometric parameters of
the drainage basins and watersheds, as they provide a flexible environment for the manipulation and analysis of spatial information [4]. The development of computer-aided
mapping techniques for natural resources especially in mapping and integration of wide range of geoinformation are the
most important progress in natural science. The advantages
of this GIS-based approach over the conventional methods
are its ability to create, manipulate, store, display, analyze
and use spatial data much quicker and precisely [5]. GIS
focused on analyzing geomorphic information, using DEM
(Digital elevation model) as primary data, is an effective
and powerful tool for geomorphological studies and opens
new development perspectives in this research field. DEM
and products derived therefrom play also an important role
in a large number of applications such as: a) topographic
and hydrographic network mapping, b) geomorphological
evolution, c) geology and geophysics, d) analysis of watersheds and hydrographic network, e) study of hydrology, f)
soil suitability and water erosion, g) environmental protection and management and h) water resources management
[4-12].
Τhe objective of this study is to identify and analyze
various morphometric parameters of Scopia catchment in
Central Greece through the application of DEM and GIS,
in order to determine the landform characteristics and geometry and to understand the processes behind its development. Furthermore, in Scopia area so far none systematic
and scientific work on the morphometry has been carried
out, making the present study a necessary aim.

2. MATERIALS AND METHODS
2.1 Study site

Scopia catchment area is situated between 39ο02΄ and
39 12΄ North Geographic Latitude and between 22ο17΄ and
22ο36 Eastern Geographic Longitude. The area consists of
ο
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FIGURE 1 - Geomorphological setting map of the Scopia catchment with TIN layer as background.

the upper course of Enippeas River, which originates from
Othrys Mount, runs through Mount Kasidiari (1,011 m), the
southeast plains of Thessaly and flows into Pinios River.
Enippeas constitutes Pinios River’s longest tributary, with a
total length of over 280 km. The catchment consists largely
of a flat central and northern part, the high central peaks of
Othrys Mount to the south and east and small territory
mounds to the north and west (Fig. 1). The natural vegetation of Scopia catchment is dominated by oaks, either in
the form of sclerophyllous evergreen holly, either in the
form of trees. The area is covered by extensive oak forests,
scrubland and maquis peripheral to the higher altitudes,
where meadows and fir forest predominate. Clumps of mature evergreen oak trees (Quercus ilex and Quercus coccifera) exist locally [13].
In Scopia area the annual rainfall is 697.9 mm and the
mean annual temperature 14.8 oC, while in winter temperatures fall below zero and at summer temperatures recorded above 40 oC. According to Lang's drought index
[14], the climate is characterized from June to August as
super dry and the irrigation period lasts from the last ten
days of April until the end of September. Moreover, in Scopia catchment intense runoff events observed and the annual runoff comes up to 49.7*106 m3 [15].
The study area and the entire Othrys Mountains belong
to the geological section of Eastern Greece and throughout
to the Sub-Pelagonian geotectonic Zone [16- 18]. The main
feature of Othrys Mount is the large ophiolitic masses. It
consists of thrust sheets, as a sequence that had been emplaced onto the Triassic-Jurassic carbonate platform overlying the late Carboniferous Hercynian basement [19-22].

The ophiolitic masses consist part of the margins and the
basement of the basin. The region presents a complex geological structure as a result mainly, of intense alpine tectonics. The stratigraphic sequence from the youngest to the
oldest formations includes: a) Alluvial deposits consisting of
clay, sand, gravel, pebbles lateral scree and lacustrine deposits, b) sediments of the Neogene consisting of conglomerate
sandstone with gravels, c) Flysch formations (end of Cretaceous-Paleocene age) consisting of clay, clay sandstone and
schist, alternating with thin layers of sandstone and clays, d)
Transgressive Upper Cretaceous limestone, e) Chert Schist
rocks (Triassic-Jurassic age) consisting of cherts schist, with
ophiolites and serpentinites and f) Ophiolites consisting a
united formation with Chert Schist rocks, as well as enormous compact ophiolitic masses (Fig. 1).
2.2 Methodology
2.2.1 Primary data

The implementation of the present study was accomplished using:
a) Topographic maps of Hellenic Military Geographical Service (HMGS), in a scale of 1:50.000, sheets
Evxinoupolis [23], Lamia [24] and Stylis [25].
b) Geological maps of IGME, in a scale of 1:50.000,
sheets Anavra and Domokos [26], Stylis [27] and Lamia [28].
c) Digital Elevation Model (DEM) from Aster satellite
images, with a spatial resolution of 25 m [29].
2.2.2 Hydrographic network analysis

The analysis of the Scopia catchment hydrographic
network was performed by:
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a) The digitizing of the main hydrographic network of Sc
opia catchment, using the manual delineation method a
nd the topographic maps mentioned above [23-25].
b) The numbering of the hydrographic network, accordin
g to Strahler [30] and the generation of the correspondi
ng map using ArcGIS 10.0 software (Fig. 2).

c) The calculation of the hydrographic network’s morpho
metric parameters and the implementation of 1st and 2n
d
Horton's law using ArcGIS 10.0 software (Table 1).

TABLE 1 - The morphometric parameters of Scopia catchment’s hydrographic network.
Parameter

Formula

Drainage density [D]

D

L
A
ΣN u
F
A

Stream frequency [F]
Horton's 1st law of
stream numbers

Units

Reference

Description

Km-1

[31, 32]

Expresses the total length of streams per unit area.

Km-2

[31, 32]

Expresses the total number of streams per unit area (Measure
of topographic texture).

Horton's 2nd law of
stream lengths
Where:
ΣNu:
:
:
:
ΣL:
:
:
:
:

The numbers of streams of successively lower orders in a given
catchment tend to form a geometric progress.
The mean stream length segments of each of the successive orders tend to approximate a direct geometric series with stream
length increasing towards higher order of streams.

[33]
[33]

Total number of streams
Ideal value for the number of streams of order u
Mean bifurcation ratio
[
(
The maximum order of the streams
Total channels length [km]
Ideal value for channels length of order u

: the number of streams of order u)]

Mean length ratio [
( : mean channels length of order u)]
The mean channels length of 1st order
Streams of a given order

TABLE 2 - The morphometric parameters of Scopia catchment.
Parameter

Formula

Width of the catchment
area [Br]
Relief ratio [Rh]

Circularity [Cu]

Elongation ratio [Er]
Hypsometric
[Hi]

integral

A
Lbu max
H
Rh 
Lbu max
4   
Cu 
P2
d
Er 
Lbu max
H m  H min
Hi 
H max  H min
Br 

Units

Reference

Description

km

-

The ratio of the catchment’s area to the catchment’s maximum length

%

[34]

The ratio between the total relief of a basin and the
longest dimension of the basin parallel to the main
drainage line

-

[35]

Describes the shape of the catchment area

-

[34]

The ratio of the diameter of a circle of the same
area as the basin to the maximum basin length

%

[36]

Describes the distribution of elevations across an
area [37]

Where:
A:
Catchment area [km2]
P:
Perimeter of the catchment area [km]
Lbumax: The maximum length of the catchment [km] [38]
H:
Hmax – Hmin [m]
Maximum elevation of the catchment [m]
Hmax:
Minimum elevation of the catchment [m]
Hmin:
Mean elevation of the catchment [m]
Hm:
d:
Diameter of a circle equal to the catchment area [m]
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2.2.3 Geomorphological analysis

In order to identify and analyze the geomorphological
factors of Scopia catchment concerning the topographic
characteristics, a digitization work has been carried out for
the entire analysis of basin morphometry and thematic
maps were generated from DEM using GIS software, as
well as morphometric parameters were calculated using
also GIS software. The steps that took place are:
i.
Τhe digitizing of trigonometrical points and geologic formations from the topographic [23-25] and
geology [26-28] maps, respectively.
ii.
The creation of the contour lines every 20 meters
from DEM, using the Spatial Analyst tool of
ArcGIS 10.0 software.
iii.
The generation of a thematic geology map (ArcGIS
10.0 software).
iv.
The generation of a TIN (Triangulated Irregular
Network) thematic map from the generated contour
lines of the previous (ii) step, with the use of the
3D Analyst tool (ArcGIS 10.0 software).
v.
The generation of relief classification (in meters),
slope (in degrees) and slope aspect (in degrees) thematic maps based on the generated TIN thematic
map of the previous step with the use of 3D Analyst
tool (ArcGIS 10.0 software).
vi.
The construction of hypsometric curve using Hypsometry Toolbox (ArcGIS 10.0 software).
vii.
The calculation of significant morphometric parameters for the study area.

The methodologies, formulas and units, adopted for
the computation of morphometric parameters, as well as
the references, are given in Table 2. The Geodetic Reference System for all the used and constructed maps was the
Hellenic Geodetic Reference System 1987 (EGSA ’87).

3. RESULTS AND DISCUSSION
3.1 Hydrographic network analysis

In Scopia area, the branches of the hydrographic network were numbered according to Strahler [36]. It is shown
that the main branch arrives at the catchments’ outlet as a
7th order stream. The total number of streams (ΣNu) is
2,303, while their total length (ΣLu) sums up to 1,253.53
km (Table 3). The shape of the hydrographic network is
dendritic and is a function of lithology, morphological relief, tectonic and climatic factors of the area.
3.1.1 Horton's 1st law

The application of Horton’s 1st law in the study area
shows that the bifurcation ratio ranges from 2 to 4.75, indicating structural disturbances on the drainage pattern,
while the variations from one order to its next, is associated
with the geological and lithological development of Scopia
catchment [2] (Table 3). The mean bifurcation ratio
3.57) is characteristic of Scopia’s hilly relief, as valrange from 2.0 for flat catchments to > 3.0 for
ues of
value in
mountainous hilly dissected basins [32]. The
the present study is distinctive of runoff’s predominance

FIGURE 2 - Hydrographic network stream order according to Strahler [36].
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versus infiltration in Scopia area [15] and it is associated
with the water-impermeable formations of which the catchment largely consists. The numbers of hydrographic network order streams are numerically fewer, as there is a significant negative deviation from ideal values, with major
differences in 4th, 5th and 6th stream orders (Table 3, Fig.
3). This leads to the conclusion that the hydrographic network is in progress and it is in an early stage refraining
from the ideal development that would allow normal drainage of the catchment [39, 40].

ment due to the small length until the catchment’s outlet.
For 2nd stream orders, the negative deviations are associated with the fact that many of them contribute directly to
4th stream orders and they haven’t managed to obtain a sufficient length [39, 40].
3.1.3 Drainage density [D]

The drainage density [D] value is 2.86. This is not a
high value and is related to the dense vegetation in a large
part of the study area [32], while [D] geographical distribution is controlled by the lithology of the catchment.

3.1.2 Horton's 2st law
3.1.4 Stream frequency [F]

Horton's 2nd law application for channel lengths presents high positive deviations from ideal values for all orders with most notably those of 4th and 5th orders and with
the exception of the 2nd and 7th orders (Table 3, Fig. 4). This
suggests excessive growth of hydrographic network’s
channel lengths, which is connected with the fact that these
channels grow in water-impermeable formations [40]. In
addition, the 7th stream order refrains from ideal develop-

The catchment presents stream frequency [F] equal to
5.25 and is characterized high. It is associated with the limited permeability of lithological formations and the development of fine drainage texture. [D] and [F] compose the
drainage texture of a catchment. High values of these parameters show fine drainage texture, while low ones present rough drainage texture [40, 41].

Streams number (Nu)
Ideal Streams Number

1.77

Deviation (%)

1.64
2.16
3.08
1.92
0.94
0.90

Ideal channels length

634.4
0.38
297.9
0.62
152.8
1.34
99.23
4.13
47.6
7.93
14.9
7.45
6.7
6.70
ΣLu=1,253.53

10000

Mean length ratio

Length ratio

-19.03
-17.24
-29.63
-46.67
-53.85
-50.00
0.0

Mean Channels
length

3.57

2,070
580
162
45
13
4
1

Channels length (Lu)

Deviation (%)

3.43
4.21
4.75
4
3
2

Ideal Streams number

1,676
480
114
24
6
2
1
ΣNu=2,303

Mean bifurcation ratio

1
2
3
4
5
6
7

Bifurcation ratio

Stream order (u)

Streams number (Nu)

TABLE 3 - Horton 1st and 2nd laws for Scopia catchment hydrographic network.

0.38
0.67
1.19
2.10
3.72
6.58
11.65

0.0
-7.46
12.61
96.67
113.17
13.22
-42.49

Mean Channels length (Lu)
Ideal channels length
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FIGURE 3 - Deviation from ideal streams number per order.

0

u

FIGURE 4 - Deviation from ideal channels length per order.
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values of 60% and from the Maturity Stage to the Ageing
Stage, to Hi values of 35%. Although this value means that
erosion has moved 74.26% of the catchment’s mass (Fig. 5)
this is not the case for all regions. According to Strahler [2,
30, 36, 47], this low hypsometric integral value indicates
an area that may present the form of Maturity Stage, but in
fact is in a transition stage (monadnock phase). Similar results were obtained from [48] for Portaikos river catchment
in Thessaly, where the hypsometric integral value was calculated 29.15%. Scopia is not in an equilibrium state, as
only basins with a large hypsometric integral are close to
this stage. Additionally, the study area could be classified
as a power type catchment, like drainage basins with hypsometric integrals from 0.25 to 0.35 classified in this category [46]. From this point of view, Ennipeas is in a transportational state, because the downstream decrease in tractional force is relatively small [49].
3.2.2 Relief analysis
3.2.2.1 Relief classification

In Scopia catchment, the minimum and maximum elevation as calculated from DEM is 281 and 1,633 m, respec-

tively, while the mean elevation rises up to 629 m. The total
relief [H] is 1,352 m, expressing the high energy potential
of the hydrographic network. The relief classification was
based on grouping altitude in TIN thematic map and was
realized with the Dikau method [50], which features a
range depending on the altitude above sea level. According
to Dikau, there are four types of characterization: a) flat, b)
hilly, c) semi–mountainous and d) mountainous. The classification created three relief types, as there is no flat area
in the study area, since the lowest elevation is at 281 m
(Fig. 6). The percentage rate of each one of them was calculated, depending on the attributed characterization (Table 5).
It appears that the vast majority of the catchment’s relief is characterized as hilly (77.39%). These areas are seen
throughout the Quaternary deposits and neogene sediments, including all cultivated areas and in a large part of
flysch formations, cherts schist and ophiolites. Semimountainous (15.12%) to mountainous (7.48%) relief appears mainly in the East and South parts of the catchment
in Othrys Mount and is characterized by the presence of
carbonate formations in the region (Fig. 6).

TABLE 5 - Relief classes and their area percentages of Scopia catchment [50].
Height above sea level (m)

Characterization of area

Size of area (km2)

Area percentage (%)

281 – 600

Hilly

339.59

77.39

600 – 900

Semi-mountainous

66.36

15.12

>900

Mountainous

32.84

7.48

FIGURE 6 - Relief classes of Scopia catchment.
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3.2.2.2 Relief slopes classification

The study of relief slopes’ geomorphology and soil
erosion rates has great practical importance, because relief
slopes are parts of the runoff system and through them the
hydrographic network is getting empowered [51]. The TIN
thematic map was used to extract slope information with
3D Analyst, for the study area. It appears that the minimum
and maximum slopes are 00 and 89.220, respectively. The
average slope is 10.640, which is characterized as relatively
high and is a quantitative expression of the roughness relief. High value of average slope shows steep and rugged
relief of a valley.
In Scopia catchment, the relief slopes classification
was based on grouping the slopes in six major categories
according to the International Geographical Union (IGU)
classification [52] (Table 6, Fig. 7). The greater proportion
of Scopia catchment (36.80%) is characterized by slopes
ranging from 0o to 2o (32.35%), in combination with slopes
ranging from 2o to 5o (4.45%) (Table 6). They represent the
flat to slightly inclined relief, corresponding to flood fields,
leveling surfaces and terraces. These values are observed
in the cultivated areas on the central and west part of the
catchment (Fig. 7). The second greater proportion (33.55%)
is characterized by slopes ranging from 5o to 15o, representing intense sloping relief (Table 6). These values are located around the boundaries of cultivated areas and human
activities have difficulties in these areas (Fig.7). A proportion of Scopia area equal to 27.52% is characterized by
slopes ranging from 15o to 35o (Table 6). These values
show a rough to exceptionally rough relief, which is characterized by intense processes of erosion. These values occur in the margins of the catchment and in mountainous

areas and cultivation in these areas is impossible (Fig. 7).
Proportions of 0.82% and 1.31% of Scopia area are characterized by slopes ranging from 35-55˚ and > 55˚ respectively (Table 6). These values represent a very rough up to
a vertical relief that has suffered denudation and are found
in high mountainous areas of Scopia catchment and the
boundaries of the watershed (Fig. 7).
TABLE 6 - Relief slopes classification for Scopia catchment according to IGU [52].
Slope angle

Surface in km2

0-2˚
2-5˚
5-15˚
15-35˚
35-55˚
> 55˚

141.96
19.54
147.23
120.75
3.58
5.73

Percentage of total surface
(%)
32.35
4.45
33.55
27.52
0.82
1.31

3.2.2.3 Relief slopes aspect classification

The meaning of aspect is expressed mathematically as
the calculation of the horizontal component of the vector
that is perpendicular to the surface. The aspect is classified
in such a way that the resulting level of information is not
continuous but arithmetic. Slopes aspect maps have nine
classes, for each of the main directions of the compass: N,
NE, E, SE, S, SW, W, NW and one for flat relief [53]. Aspect in ArcGis maps identifies the downslope direction of
the maximum rate of change in value from each cell relative to eight neighbours. Values are expressed in positive
degrees from 0 to 359.9 and are measured clockwise from
north [54].

FIGURE 7 - Relief slopes classification map of the study area according to International Geographic Union (IGU) [52].
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FIGURE 8 - Relief slopes aspect classification map of Scopia catchment.

TABLE 7 - Relief slopes aspect classification of Scopia catchment.
Slope aspect

Surface in km2

Flat Area
NE
SE
SW
NW

3.72
110.05
89.66
109.42
125.94

Percentage of total
surface (%)
0.85
25.08
20.43
24.94
28.70

In the present work, the TIN thematic map was used to
extract slopes aspect information with 3D Analyst and a
classification was performed by grouping the aspects to be
studied more easily, due to the smaller number of classes.
Five classes were created (Flat area: 0ο, NE: 0.01-90ο, SE:
90-180ο, SW: 180-270ο, NW: 270-359.99ο) and the area
(km2) was also calculated as the percentage covering rate
(%) of each class in the study area (Table 7). Moreover, a
relief slope aspect map was created from DEM with Spatial
Analyst. The North aspects are covering 53.78% of Scopia
catchment, while the North West aspects are the dominant
classes with 28.70% (Fig. 8).

trolled by the dense vegetation in a large part of the catchment. The high value of stream frequency [F] is related to
limited permeability of lithological formations, a fact that
explains the hydrographic network’s channel lengths excessive growth. The major morphological gradients in
combination with the hydrographic network’s dendritic
shape and mean bifurcation ratio’s
value, is distinctive of runoff predominance versus infiltration, in Scopia
area. The study area has a hilly relief and the greater proportion of slopes corresponds to flood fields, leveling surfaces and terraces. The North aspects covering more than
half of the Scopia catchment, following direction of water
flow, while circularity and elongation ratio values show
that the area is an elongated catchment with less efficient
in runoff discharge. The hypsometric integral indicates that
Scopia is a power type catchment, which is not in equilibrium status, but at a transition stage (monadnock phase).
The authors have declared no conflict of interest.
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ABSTRACT
This study was conducted to explore the effect of fine
particulate matter on Th17 related lung and systematic inflammation in atherosclerotic-susceptible ApoE-/- mice.
Eight-weeks old ApoE-/- mice were fed with high-fat diet
for 8 weeks to induce the atherosclerosis model. Then the
ApoE-/- mice and their littermates C57BL/6 mice were exposed by intratracheal instillation to fine particulate matters with the dose of 0.0 (control), 3.0, 10.0, 30.0 mg/kg
b.w. respectively. The exposure was conducted once a day,
every other day, for three days. Twenty-four hours after the
last exposure, the mice were sacrificed. Lung lavage was
collected to conduct cell differentiate counts. Inflammatory
cytokines (IL-6, IL-17, TNF-α) in Bronchoalveolar lavage
fluid (BALF) were assessed by Elisa kits. Systematic inflammation characterized by C-reactive protein (CRP) and
Th-17 related cytokines IL-6, IL-17A, IL-21 and transforming growth factor- (TGF- ) were assessed by
ELISA kits in the serum of mice. The IL-6, IL-17A, IL-21
and TGF- mRNA expression and Th17-related transcription factors retinoic acid-related orphan receptor-γt
(RORγt) was assessed in thoracic aorta of mice using realtime PCR. The proportion of Th17 and Th1 cells in the
spleen of mice was assessed by flow cytometry. The results
demonstrated a dose-dependent increase of key inflammatory markers (IL-6, IL-17, TNF-α) in the BALF of ApoE/- mice. ApoE-/- mice with atherosclerosis received significantly increased secretion of CRP and Th17 related cytokines IL-6, IL-17A and IL-21 and TGF- levels as compared with age-matched C57BL/6 mice. Meanwhile, the
gene expression of Th17 related IL-6, IL-17A and IL-21
and TGF- and transcription factor ROR t was substantially higher in the arterial wall of ApoE-/- mice than in the
arterial wall of their littermates. Importantly, the gene expression of Th17 related cytokines and transcription factor
ROR t were up-regulated in the thoracic wall of ApoE-/mice with a dose-dependent manner. However, the proportion of Th17 cells in the spleen of mice has no significant
difference. These data indicated that acute exposure of fine
particulate matter could induce more serious Th17 related
lung and systematic inflammation in ApoE-/- mice than in
C57BL/6 mice.
* Corresponding author

1. INTRODUCTION
Fine particulate matter, as the main source of air pollution, causes tons of adverse health effects among which
its effects on respiratory and cardiovascular disease has
been well established[1-3]. Numerous studies demonstrate
that exposure to fine particulate matter correlates with the
hospitalization of pneumonia, COPD and acute coronary
syndrome [4,5]. Inhalation of fine particulate matter may
cause pulmonary inflammation characterized by neutrophil
and macrophage activation associated with a subsequent
systemic inflammatory response [6-9]. Particulate matter
was associated with an increase in serum levels of CRP,
the classical acute phase reactant indicative for a systemic
inflammatory response which is considered to be a risk factor for cardiovascular diseases [10-12]. However, the underlying adaptive immune response type of fine particulate
matter and atherosclerosis mice remains unclear.
Atherosclerosis is a chronic inflammatory disease involving T cells especially T helper cells. Elevated CD4+ T
helper 17(Th17) cells, which produce proinflammatory interleukin-17A (IL-17A), have been identified in atherosclerotic lesions [13-15]. Th17 cells have been described as a
new subset, in addition to Th1 and Th2 cells, which play a
vital role in the pathogenesis of atherosclerosis [16-19].
Since there are tons of researches on Th1/Th2 with atherosclerosis [20,21] and there are studies show that fine particulate matters could cause the imbalance of Th1 and Th2 cells
[22,23]. Our present study mainly focuses on Th17 cells.
Both fine particulate matters and Th17 actively involve
in the progression of inflammation in atherosclerosis mice.
In the present study, we use ApoE-/- mice to establish atherosclerosis model. After exposing to different concentrations
of fine particulate matters, we investigate Th17 functions at
different levels including cell frequencies, related cytokine
secretion and key transcription factors mRNA expression in
ApoE-/- mice and their age matched C57BL/6 mice to explore the possible Th17-related inflammatory changes linking fine particulate matter and atherosclerosis. We hypothesized that acute exposure to fine particulate matter induces
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lung and/or systematic inflammation characterized by
Th17 could possibly promote an inflammatory state of the
vascular and may induce fragile atherosclerotic plaque.
2. MATERIALS AND METHODS

were freely available. Basic inspection of animals took place
on a daily basis. All animal experiments were undertaken in
accordance with the National Institute of Health Guidelines
for the Care and Use of Laboratory Animal, with the approval of the Animal Care Committee of the School of Public Health, Fudan University (Shanghai, China).

2.1 Fine particulate matter sampling and characterization

2.3 Induction of atherogenesis in ApoE-/- mice

Fine particulate matters were collected on glass fiber
filters using a Thermo Anderson G-2.5 air sampler (Model
GV 2630 Series, USA) from April 2012 to May 2012 in a
non-industry district in Shanghai, China. The filters were
heated for 24h at 200 before sampling. After sampling,
filters were cut into small pieces and immerged in 0.9%
saline followed by sonicating 3×10 min with a sonicator
(Model JL-120DT, China). Fine particulate matters’ suspension was treated by vacuum-freeze dry, and the concentrated components were weighted and stored at −20 . Fine
particulate matters’ suspensions were diluted with sterilized
0.9% physiological saline according to experimental concentration and stored at 4 within 24h before instillation.

The male ApoE-/- received a high-cholesterol diet
(0.25% cholesterol and 15% cocoa butter) for 8 wk, starting from 8 wk of age, to induce atherosclerotic plaque, as
in standard atherosclerotic mouse models. C57BL/6 mice
received a normal diet for 8 wk.

Quantitative analysis of metals in fine particulate matters was performed by using ICP-OES (Optim, German).
Quantitative analysis of organic carbon and elemental carbon in fine particulate matters was performed by using Carbon Analyzer/DRI Model2001 (Atmoslytic, USA). The content of PAHs was analysed by Agilent 7890GC/5975MSD
(Agilent Technology, China). The elemental and ion contents in fine particulate matter sample are shown in Table 1.
TABLE 1 - Inorganic constituents and water soluble ion in fine particulate matter
Inorganic
element
Al
As
Ba
Ca
Cr
Cu
Fe
K
Mg
Mn
Na
Pb
Sr
Ni
V
Zn

Content
ng/m
122.93
6.08
6.89
423.39
2.13
8.64
420.77
414.99
85.41
23.54
292.07
41.93
2.24
1.74
2.16
104.5

Water soluble ion
FClNO3SO42Na+
C2042NH4+
K+

Content μg/
m
0.025
2.06
4.22
8.93
0.5
0.18
6.05
0.41

2.4 Exposure

Thirty-two ApoE-/- mice were randomized into four
subgroups (8 mice per group) and instilled with 0.9% saline or fine particulate matters (3.0, 10.0 and 30.0 mg/kg
b.w.) of 15uL/10 g b.w., respectively, and the exposure
groups were categorized as control, low-, mid- and highdose, respectively. The exposure was conducted once a day
and every other day, for three days. Twenty-four hours after the last intratracheal instillation, animals were briefly
anesthetized by chloral hydrate (10%, i.p.). Lungs were
lavaged three times with 2ml aliquot of PBS, pH 7.4. The
thoracic aorta was incised into two parts. Half of the incised thoracic aortic arch was immediately excised and was
conserved in 4% formaldehyde for histopathological evaluation. The other thoracic aorta was extracted immediately
and was snap frozen in liquid nitrogen and stored at −80
until analysis. The spleen was quickly excised and stored
in sterile PBS for the extracting of splenocyte.
2.5 Lipid profile

Total plasma cholesterol (TC) and triglycerides (TGs)
were determined with an automated enzymatic technique
(Roche Modular DPP System, Roche, Switzerland).
2.6 Thoracic aorta histology

Thoracic aorta samples were placed in 4% paraformaldehyde overnight at 4 . After fixation, the thoracic aorta
tissues were embedded in paraffin and 4-mm thick transverse sections were mounted and stained with hematoxylin
and eosin. Left ventricle sections were examined under
light microscopy for qualitative evaluation of lesions. The
slides were graded independently in a masked fashion by
two observers.

2.2 Animals

2.7 Assessment of pulmonary inflammatory response

Male ApoE-/- mice on a C57BL/6 background and
their littermate C57BL/6 mice were purchased from Beijing University (Beijing, China). These mice were 7 wk of
age, weighed 20-25g. Animals were kept under specific
pathogen free (SPF)-conditions. Animals were housed at
constant temperature (21±1 ) and relative humidity
(60%) under a regular light/dark schedule (light 7:00 a.m.
to 7:00 p.m.) for a week before experiment. Food and water

Twenty-four hours after the last intratracheal instillation, animals were briefly anesthetized by chloral hydrate
(10%, i.p.). Lungs were lavaged three times with 2ml aliquot of PBS, pH 7.4. After mixing, one aliquot of BALF
was used for cytospin and Wright Giemsa staining to determine total cells and differential counts by their numbers
per milliliter of BALF multiplying total BALF volume recovered. Macrophages, neutrophils and lymphocyte were

3985

© by PSP Volume 24 – No 11b. 2015

Fresenius Environmental Bulletin

counted using light microscopy (over 200 cells counted per
slide). The remaining BALF was centrifuged to remove
cells, and the levels of IL-6, IL-17 and TNF- were measured by ELISA using the kits from Biosource international,
Inc, USA. The results were expressed in picogram per millimeter of mixed BALF.

the 16-week-old C57BL/6 littermates (n = 8 mice per
group) were analyzed by the comparative computed tomography method. The IL-6, IL-17A, IL-21, TGF-β, and
RORγt gene-specific mouse primers were designed using
the primer design software, while GAPDH primer sequences were obtained from the published literature [19].
PCR primers are shown in Table 2.

2.8 Assessment of systematic inflammatory response
TABLE 2 - Th17-related genes real-time PCR primers

2.8.1 Th17 related cytokines analyses

Blood samples were obtained from the heart of mice,
centrifuged at 3,000×g for 10 min at 4 . Supernatants
were collected and immediately frozen at -80 for ELISA.
IL-6, IL-17A, IL-21 and TGF- were measured by ELISA
kits for mice according to the manufacturers’ instructions
(eBioscience, USA). All samples were assayed in duplicate.

IL-6
IL-17A
IL-21
TGF-

2.8.2 Cell preparation and flow cytometry

The fresh spleens removed from mice were gently
squeezed with sterile needles in cold PBS and passed
through a stainless steel mesh screen, respectively, and the
single-cell suspension was prepared. The splenocytes were
isolated by Ficoll-Hypaque and resuspended in complete
media: RPMI-1640 (Gibco, Grand Island, NY, USA), the
cell viability detected by trypan blue staining was >95%.
The cell suspension was stimulated with 0.1mg /ml PMA
(MultiSciences Biotech Co,. Ltd, China), 1 mg/ml ionomycin (MultiScience Biotech Co,.Ltd, China) and 10mg/ml
brefeldin A (eBioscience, San Diego, CA) for 4 h at 37 ̊C
under 5% CO2 environment. The cells were washed with
washing buffer and then stained with phycoerythrin-Cy5
(PE/Cy5) antimouse-CD4 Ab (eBioscience catalog number:12-0041). Then, cells were fixed and perforated by the
fixation and permeabilization kit and then stained intracellularly with PE-conjugated anti–IL-17A (eBioscience catalog number: 17-7177) and FITC-conjugated anti-IFN (eBioscience catalog number: 11-7311). Cells were analyzed
by CyAnTM ADP Analyzer (Beckman Coulter, Brea, CA)
and the data were processed using Summit V5.2.0 program.

ROR t
GAPDH

forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse

5’-GAGGATACCACTCCCAACAGACC-3’
5’-AAGTGCATCATCGTTGTTCATACA-3’
5’-TCTCTGATGCTGTTGCTGCT-3’
5’-CGTGGAACGGTTGAGGTAGT-3’
5’-GACAACATACTGCTAACCGACTC-3’
5’-TCACTCTTCACCTGCTCCACTG-3’
5’-TGACGTCACTGGAGTTGTACGG-3’
5’-GGTTCATGTCATGGATGGTGC-3’
5’-TGCAAGACTCATCGACAAGG-3’
5’-AGGGGATTCAACATCAGTGC-3’
5’-AGCAATGCCTCCTGCACCACCAAC-3’
5’-CCGGAGGGGCCATCCACAGTCT-3’

2.9 Statistical analysis

All data were analyzed by SPSS 11.0 (SPSS, Chicago,
IL). Data are expressed as mean SM. Nonparametric
ANOVA and unpaired t tests were used for comparison of
continuous data. p value<0.05 was considered significant.

3. RESULTS
3.1 Atherosclerosis lesion area

In this study, 8 wk-old ApoE-/- mice fed high-cholesterol diet had plague formation in thoracic aorta. Histological evaluations of mice thoracic aorta indicated that there
were detectable histological changes in high-fat fed ApoE/- mice, which ensures the establishment of atherosclerosis
model. No detectable histological changes were found in
the C57BL/6 mice. (Fig.1)

2.8.3 RT-PCR analysis for cytokines and transcript factors

Total RNAs in the arterial walls of the thoracic aorta,
proximal aortic arch were isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA). Total RNA was extracted from
the tissue according to the manufacturer’s suggested protocol. Total RNA concentration was determined by spectrophotometric analysis at 260 nm. Total RNA was converted
into cDNA using M-MuLV reverse transcriptase (Fermentas), cDNA was amplified by SYBR green master mix
(TaKaRa, China) using real-time quantitative polymerase
chain reaction system(ABI Prism 7900 Sequence Detection System; Applied Biosystems, Foster City, Calif). The
2−∆CT method was used to normalize transcription to
GAPDH mRNA and calculate the fold induction relative
to control. Each sample was analyzed in triplicate, normalized to GAPDH. The fold changes in mRNA expression of
the inflammatory mediators at each time point relative to

3.2 Basic physiological parameters

The body weight and plasma lipid content of ApoE-/mice and the wild-type littermates C57BL/6 mice were
shown in Table 3. The body weight, total cholesterol (TC)
level and Triglycerides (TGs) level have no significant difference among different exposure groups.
3.3 Pulmonary inflammatory response

24h after intratracheal instillation, BALF was collected to evaluate pulmonary inflammation in ApoE-/mice and C57BL/6 mice. A significant increase was observed in total BALF cell numbers and neutrophil percentage in fine particulate matter exposure group in dose-dependent manner in ApoE-/- mice and C57BL/6 mice (Table 4). Albeit the absolute number of macrophage increases
in fine particulate matter exposure group, the percentage of
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FIGURE 1 - Thoracic aorta HE histological changes of ApoE-/- mice (A) and the littermates C57BL/6 mice (B) after 8 weeks’ feeding
pointing to foam cells.

TABLE 3 - Body weight and plasma lipid level
Control
ApoE-/- C57BL/6
Body Weight
(g)
TC
(mmol/l)
TG
(mmol/l)

LowApoE-/- C57BL/6

MidApoE-/- C57BL/6

HighApoE-/- C57BL/6

22.86±1.41 23.40±4.35

23.60±1.25 24.53±2.88

24.09±2.38 23.51±2.42

15.63±5.25 2.01±0.17

17.22±4.17 2.13±0.36

15.20±4.43 2.03±0.28

16.83±5.62 2.02±0.23

2.45±0.55 1.6±0.18

2.73±0.61 1.7±0.21

2.66±0.60 1.6±0.17

2.62±0.71 1.9±0.20

23.70 ±1.82 23.91±1.91

TABLE 4 Total cell numbers and differential counts in BALF of ApoE-/- mice (n=8, x ±s).
Dose
(mg/kg)

Total white cells
(×105 /ml)

PMN
(%)

Macrophage
(%)

Lymphocyte
(%)

eosinophil (%)

control

6.47±0.69

29.24±3.11

58.52±6.70

11.02±1.21

1.22±0.14

low

7.24±0.88﹡

38.47±3.94﹡

49.60±5.02﹡

10.42±1.36﹡

1.51±0.15

middle

10.89±1.37﹡＃

47.81±5.67﹡＃

40.65±5.16﹡＃

10.17±1.65﹡＃

1.37±0.13

high

13.91±1.88﹡＃▲

56.48±6.18﹡＃

32.99±4.22﹡＃

9.17±1.32﹡＃

1.36±0.15

Significant difference (*p < 0.05) between fine particulate matter exposure group and control group.

TABLE 4B - Total cell numbers and differential counts in BALF of C57BL/6 mice (n=8, x ±s)
Dose
(mg/kg)

Total white cells
(×105 /ml)

PMN
(%)

Macrophage
(%)

Lymphocyte
(%)

eosinophil (%)

control

5.37±0.43

27.03±3.96

58.24±6.29

13.02±1.21

1.31±0.18

low

6.65±0.67﹡

35.63±4.26﹡

51.43±5.51﹡

11.42±1.36﹡

1.42±0.13

middle

9.31±1.08﹡＃

43.79±4.18﹡＃

45.17±4.57﹡＃

9.75±1.65﹡＃

1.29±0.18

＃

＃

＃

1.32±0.16

high

＃

10.35±1.97﹡

51.63±6.02﹡

38.89±4.92﹡

Significant difference (*p < 0.05) between fine particulate matter exposure group and control group.
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FIGURE 2 - The levels of IL-6, IL-17 and TNF-α in BALF of ApoE-/- mice and the littermate C57BL/6 mice (n = 8) after exposed to fine
particulate matters at control, low-, mid-, high- dose group. Significant difference (*p<0.05) between fine particulate matter exposure group
and control group. Significant difference (#p< 0.05) between ApoE-/- mice group and C57BL/6 mice group
A.B.C. stand for IL-6，IL-17 and TNF-α

macrophage and lymphocyte drops compared with control
group in ApoE-/- mice and C57BL/6 mice. No significant
changes were found in the percentage of eosinophil.
To characterize the degree of inflammatory changes in
the lung at a molecular level, we analyzed relevant inflammatory cytokines including IL-6、IL-17 and TNF-α in BALF
(Fig.2). A dose-dependent increase of these cytokines was observed in ApoE-/- mice group. IL-6 and TNF-α content in
BALF of C57BL/6 mice exhibit a dose-dependent increase. The level of IL-17 in BALF increases significantly
only in middle and high exposure group in C57BL/6 mice.

3.4 The proportion of Th17 and Th1 cells in the spleen of ApoE/- mice and C57BL/6 mice have no change

We examined the percentage of Th17 (CD4+IL-17+)
and Th1 (CD4+ IFN-r+) cells in the spleen of ApoE-/- mice
and the littermates C57BL/6 mice by flow cytometry. As
shown in Fig.3—Q2 area, the percentage of Th17 and Th1
cells in ApoE-/- mice didn’t show significant difference in
different exposure groups.
3.5 Th17 related genes expression

Real-time quantitative PCR assay was used to determine mRNA expression of Th17-related genes in thoratic
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FIGURE 3 - The percentages of Th17 (CD4+ IL-17+) cells and Th1 (CD4+ IFN-r+) cells in the splenocytes of ApoE-/- mice and C57BL/6 mice
A.B.C.D.stand for control, low-, mid-, high- dose group, “a” stand for ApoE-/- mice, “b” stand for C57BL/6 mic
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aorta of ApoE-/- mice and the littermate C57BL/6 mice
(n=8) after exposure to control, low-, mid- and high- dose
(Fig.4). In ApoE-/- mice, the gene expression of IL-6, IL17A, IL-21 increased in a dose-dependent manner. The
gene expression of TGF- didn’t exhibit significant
change after exposure to different dose group. The levels
of ROR t, the transcription factors controlling Th17 cell
differentiation continued to increase in ApoE-/- mice in a

dose dependent manner. The levels of IFN-γ, the transcription factors controlling Th1 cell differentiation continued to
increase in ApoE-/- mice in a dose dependent manner. The
expression of IL-6, IL-17A, IL-21 and ROR t was significantly higher in the vascular wall of ApoE-/- mice than that
in control mice. In C57BL/6 mice, the gene expression of
IL-6, IL-17A, IL-21, TGF- , ROR tand IFN- didn’t show
significant difference among different exposure groups.

FIGURE 4 - Levels of IL-6, IL-17A, IL-21 and TGF- , transcription factor ROR t, IFN- in thoratic aorta of ApoE-/- mice and the littermate
C57BL/6 mice (n=8) after exposure to fine particulate matters at control, low-, mid-, high- dose group assayed by real-time quantitative PCR.
Significant difference (*p<0.05; **p<0.01) between fine particulate matter group and control group. Significant difference (#p<0.05) between
ApoE-/- mice group and C57BL/6 mice group A.B.C.D.E.F. stand for IL-6, IL-17A, IL-21, IFN- , TGF- , and ROR t.
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3.6 Th17 related cytokines expression

The effects of fine particulate matters on systematic inflammation were evaluated on the production of cytokines
associated with Th17 cells by ELISA. The levels of CRP,
IL-6, IL-17A, IL-21 and TGF-β in serum of ApoE-/- mice
and the littermate C57BL/6 mice (n=8) after exposed to
control, low-, mid- and high- dose is shown in Fig.5. In
ApoE-/- mice, fine particulate matters induced the increase

of CRP, IL-6, IL-17A, IL-21 in a dose-dependent manner.
However, the content of TGF- has no significant differences. In the C57BL/6 mice, the content of CRP, IL-6 increases significantly in a dose-dependent manner. The content of IL-17A, IL-21 increases significantly in mid- and
high- dose group. The TGF- level increases with the exposure dose, and high-dose group showed significant difference with control group.

FIGURE 5 - The levels of CRP, IL-6, IL-17A, IL-21 and TGF- in serum of ApoE-/- mice and the littermate C57BL/6 mice (n=8) after exposed
to fine particulate matters at control, low-, mid-, high- dose group. Significant difference (*p<0.05; **p<0.01) between fine particulate matter
group and control group. Significant difference (#p< 0.05) between ApoE-/- mice group and C57BL/6 mice group
A.B.C.D.E stand for CRP, IL-6, IL-17A, IL-21 and TGF-

3991

© by PSP Volume 24 – No 11b. 2015

Fresenius Environmental Bulletin

4. DISCUSSION
Nowadays, air pollution, causng controllable adverse
health effects, has aroused the attention of world health organizations and governments. The Environmental Protection Agency (EPA) has a legislative mandate to set standards for short-term air pollution levels at 65ug/m3 (fine particulate matter, 24h averaging time) to protect human health.
The concentration of low dose fine particulate matters exposure group used in our experiment was 6 times higher than the
American Air Quality standards set by the EPA, and the anticipated cumulative dose based on 9% deposition and a minute-volume of 24ml for a 20g mice would be 3.0 mg/kg b.w.
after two times instillation. Repeatedly, similar dose has
been applied in other studies [24,25]. After two times instillation of low to high fine particulate matter the accumulated dose could cover the range of “no effects” to “obvious
response”. The dose used in our experiment can be used to
explore the adverse health effects of fine particulate matter,
which will be helpful for the legislation of Chinese environmental protection law. Chemical analysis of fine particulate matter from Shanghai urban area used in our experiment reported the presence of anthropogenic polycyclic aromatic hydrocarbons (PAH). The applied sample and resuspension technique provided fine particulate matter and
the water soluble organic and inorganic constituents from
ambient air to mice lungs by instillation.
To identify fine particulate matter induced inflammatory response in people with pre-existing cardiovascular
system disease, we established atherosclerosis mice model.
In the present study, histological evaluations of the thoracic
aorta of ApoE-/- mice indicated the establishment of the
atherosclerosis model. According to the histological results
and Whitman’s research [26], we infered that the atherosclerosis plague among the 16-week-old ApoE-/- mice in
our study was between stage I and II.
In our study, acute exposure to fine particulate matter
was associated with a dose-dependent pulmonary inflammation as indicated by accumulation of macrophage, lymphocytes, and PMNs resulting in a 2-fold change of total
cell numbers in BALF in ApoE-/- mice mice and C57BL/6
mice. Similar results were noticed in many other studies
[25,27]. However, a study conducted in Milano, no significant pulmonary inflammatory changes were noticed in
fine particulate matter acute exposure mice [28]. The different health effects induced by fine particulate matter from
different sampling sites could possibly due to different
chemical composition and the relative share of the particle
size fractions at different sites. The dose-dependent induction of the proinflammatory cytokine (IL-6) and TNF- in
BALF confirm fine particulate matter mediated pulmonary
inflammation. Corresponding observations were made in
the epidemiological studies in other studies as well [29,30].
Inflammatory cytokine IL-17 shows a dose-dependent increase in ApoE-/- mice but not in C57BL/6 mice whose IL17 content exhibit significant increase only in middle and
high dose group.

Interleukin-6 (IL-6) has been identified as an independent biomarker of vascular atherosclerotic risk [31,32].
In the present experiment, serum IL-6 secretion exhibited a
dose-dependent increase in ApoE-/- mice and C57BL/6
mice. Epidemiological researches have suggested that the increased level of IL-6 following fine particulate matter exposure could possible leads to the production of acute phase
proteins like CRP [33, 34]. Serum CRP concentrations increase rapidly as part of the systemic acute-phase reaction
after inflammatory stimulus [35, 36]. CRP has been well
identified as a leading biological marker of atherosclerosis.
Serum CRP concentrations, even at very low levels, could
predict the risk of acute myocardial infarction or stroke in
apparently healthy individuals [33, 36]. In the present study,
the level of serum CRP exhibited a dose-dependent increase
suggests that fine particulate matter mediated obvious systemic inflammatory response. Epidemiological and experimental studies also exhibited positive association of particulate matter air pollution with biomarkers of systemic inflammatory such as CRP, and IL-6 [37, 38]. The present findings
are consistent with a series of studies suggesting that acute
exposure to fine particulate matter in mice caused pulmonary and systemic inflammation [39-42].
Accumulated evidence showed that CD4+ T cells are
involved in the development of atherosclerosis. Th17 cells
have been implicated in the pathogenesis of inflammatory
diseases [43] and cardiovascular disease [44]. Th17 cell is
a T cell effector subset that produces high levels of IL-17A
and IL-17F [45]. The family of IL-17 cytokines consists of
six members (IL-17A, B, C, D, E, F). IL-17A and IL-17F
have important roles in the recruitment, activation, and migration of neutrophils to inflamed sites. These two cytokines also induce production of down-stream cytokines,
chemokines and metalloproteinases, all of which are important contributors to Th17 related inflammation [46, 47].
In this experiment, the gene expression of IL-17A and the
levels of IL-17A in serum are up-regulated after exposure
to fine particulate matters in a dose dependent manner
which suggest that fine particulate matter could possibly
promote systematic inflammation through Th17 pathway.
Interleukin-6 (IL-6) is necessary for early stages of vascular inflammation leading to aortic dissection [48]. The differentiation of naïve CD4+T cells into Th17 cells relies on
IL-6 and TGF- . TGF- is essential for the differentiation
of Treg under single stimuli. However, in combination with
IL-6, TGF- and IL-6 could enhance the expression of
ROR t which in turn will induce the expression of Th17
cells [49]. But the role of TGF- in Th17 generation continues to be controversial [50-52]. In our study we didn’t
notice the significant change of TGF- in ApoE-/- mice
which needs further study to explain this finding. To the
best of our knowledge, this is the first experiment trying to
explore the influence of fine particulate matters on atherosclerosis mice inflammation through the Th17 pathway.
Either by direct particle-cell interaction or by inflammatory responses on the systemic level exposure to fine
particulate matter induces vascular inflammation marker
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changes. Presently we tested Th17-related (IL-6, IL-17A
and IL-21) genes and the transcription factor ROR t
mRNA expression in thoracic aorta of mice. The result
demonstrated that ApoE-/- mice revealed a dose-dependent
increased expression of Th17-related (IL-6, IL-17A and
IL-21) genes and the transcription factor ROR t mRNA in
thoracic aorta while their age-matched C57BL/6 mice
didn’t show significant changes. Supporting our study,
both animal models [53, 54] and human subjects [55] have
provided evidence that air pollutants can promote ROR t
mRNA and IL-17A mRNA expression. In consistent with
gene expression results, Th17-related (IL-6, IL-17A and
IL-21) cytokines secretion exhibited an increase in a dosedependent manner in ApoE-/- mice. The results indicated
that fine particulate matter can induce systematic inflammation characterized by Th17 related cytokines secretion.
In various mouse models, exposure to particulate matters
(PM) in vivo has been shown to up-regulate IL-17 expression in tissues [56-59]. These previous studies are consistent with our results suggest that fine particulate matter
mediated sustained systemic inflammatory response also
involves vasculature.
Our results supported the notion that individuals with
persisting cardiopulmonary disorder are at higher risk
when exposed to the elevated level of fine particulate matters than healthy ones. These populations tend to have more
complicated health problem after air pollution exposure
than healthy groups [60]. We did not find a significant percentage difference of Th17 (CD4+ IL-17+) cells and Th1
(CD4+ IFN-r+) cells in the spleen of ApoE-/- mice and
C57BL/6 mice, which may be explained by the low sensitivity of flow cytometry. Also, there are studies showed
similar results that the number of Th17 (CD4+ IL-17+)
cells and Th1 (CD4+ IFN-r+) has no significant difference
with C57BL/6 in the initial stage of atherosclerosis [61].
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ABSTRACT
The effect of heavy metals (Cu, Cd, Co, Pb, and Cr) on
Zea mays L. plant was investigated with pot trial under
glasshouse conditions. Heavy metals were applied at two
concentrations, and treatments consisted of Cu at 250 and
500; Cd at 25 and 50; Co at 100 and 200; Pb at 250 and
500; Cr at 50 and 100 (as µM); and a control with nutrient
solution. Although the treatment with heavy metals significantly decreased fresh and dry weights of shoot and root,
and it also increased soluble protein and antioxidative enzyme activities when compared to control plants. The concentrations of Cu (500 µM), Co (200 µM), and Cu (250 µM)
largely increased proline content, EC%, and total chlorophyll content of leaves, respectively. Heavy metals treatment resulted in an increase in heavy metal contents in leaf
and root tissues Furthermore, it also increased macronutrient contents in the leaves (except K+) and roots (except
Ca2+ and K+).

KEYWORDS: Antioxidant enzymes, heavy metals, growth, mineral
nutrients, maize

1. INTRODUCTION

substances. What we need for the evaluation are dose–response data, i.e. quantitative dose–response relationships.
(2) Several metal ions are essential for the metabolism of
cells. They are necessary at low concentrations but toxic at
high concentrations resulting in bell-shaped dose–response
relationships [1, 2].
In soils, a high content of heavy metals may increase the
potential uptake of these metals by plants. Metals like copper
(Cu), zinc (Zn), manganese (Mn) and iron (Fe) are essential
and they are important for plant metabolic pathway. However, metals like cadmium (Cd), lead (Pb), chromium (Cr),
cobalt (Co) etc. are the non essential metals and cause toxicity when present in excess. In plants, metal toxicity causes
oxidative stress and leads to alterations of physiological processes at cellular and molecular level by inactivating enzymes, blocking functional groups of metabolically important molecules, displacing or substituting for essential elements and disrupting membrane integrity [3, 4].
Heavy metals enter the environment through natural
as well as anthropogenic activities. Heavy metal released
from industrial units, metallurgical operations, highways
and mining activities pose threat to environment. The retention of heavy metals at high concentrations in the environment exerts toxic effects on fauna and flora [5, 6].
Heavy metal contamination of agricultural soils is a major
environmental problem that can reduce both the productivity of plants and the safety of plant products as foods and
feeds. Heavy metals usually contaminate the soils by direct
application, direct deposition of emissions or by addition
of litter. Several trace elements are added to soil as impurities in fertilizers, as components of municipal and industrial wastes or from disposal of sewage sludges [7, 8].

The definition of ‘‘heavy metals’’ seems very simple
on a first glance: a heavy metal is a metal having high specific weight. This physical property, however, is quite
meaningless for plants as well as for other living organisms. Metals are not accessible for plants and are available
in solution for them only after chemical reactions have
changed the oxidation state. The term ‘‘heavy metal’’
seems to suggest that these metals (or their compounds) are
toxic. Certainly, this is rather a feeling than a conclusion
on a scientific basis. Two facts have to be kept in mind: (1)
The effect of any substance on living systems is always a
consequence of the concentration available to the cells.
Thus, there are no toxic substances in contrast to non-toxic

Continued population growth could be a significant impediment to achieving improvements in food security on the
world, even as world population stabilizes sometime during
the present century. Food demand is also strongly affected by
urbanization. The next few decades will see unprecedented
urban growth in world. Urbanization and pollution has considerable impact on patterns of food consumption [61].

* Corresponding author

Among the major constraints to increased cereal (maize,
wheat, rice, etc.) production are abiotic factors such as
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aggressive urbanization, industrial and municipal pollution
and heavy metals accumulation in soils. Maize is one of the
most important food crops in the world and, together with
rice and wheat, provides at least 30% of the food calories
to more than 4.5 billion people in 94 developing countries. Maize is also a key ingredient in animal feed and is
used extensively in industrial products, including the production of biofuels [62].
Modern civilization introduces a wide range of pollutants to the atmosphere through various activities. Most of
the heavy metals are essential elements to living organisms, but their excess amount are generally harmful to
plants and animals; the poison of heavy metals depends a
great deal on their chemical form, concentrations, residence time, etc. [9].
Plant exposition to heavy metals has always resulted in
a strong reduction of plant growth as a consequence of significant alterations in many metabolic pathways. Among
the processes limiting plant growth and productivity, the
most significant is photosynthesis. Several studies have
shown that photosynthetic efficiency of many plants is affected by heavy metals [10]. Metals have multidirectional
effect on photosynthesis [10, 11]. The excess of Cu, Cd or
Pb inhibits directly the photosynthetic electron transport
[10] as well as the activities of Calvin-Benson cycle enzymes or net assimilation of CO2 [12]. In addition, metals
can also alter the photosynthetic activity indirectly, decreasing the content of photosynthetic pigments or damaging the photosynthetic apparatus on every level of its organization, structure of chloroplasts [13], or lipid and protein composition of thylakoids [14, 15]. Cadmium and/or
the other heavy metals causes oxidative stress probably
through indirect mechanisms such as interaction with the
antioxidative defence, disruption of the electron transport
chain or induction of lipid peroxidation. The activation of
lipoxygenase, an enzyme that stimulates lipid peroxidation, has been reported after Cd exposure [16].
The present experiment was undertaken to investigate
a change in the growth, antioxidant enzymes, metals uptake, nutritional status, total protein and pigment content in
Zea mays treated with heavy metals in order to contribute
to an understanding of Zea mays adaptation to heavy metal
stress. We focused on the determination of toxic metal influence in cultivated maize. Evaluation of the interaction
between heavy metals and maize plants would help us to
understand the potential hazard of excess toxic metals on
agriculturally important crop plants grown in soil contaminated by heavy metals.

and perlite in (1:1:1, v/v/v) ratio to directly 20 L plastic
containers and manually irrigated every other day with a
nutrient solution. After 20 days of planting, heavy metal
treatments were initiated by watering Hoagland’s nutrient
solution containing defined concentration of heavy metals
to seedlings. The basic nutrient solution used in this experiment was a modified Hoagland and Arnon formulation.
All chemicals used were of technical reagent grade, and the
composition of nutrient solution was (mg L-1): 270 N, 31 P,
234 K, 200 Ca, 64 S, 48 Mg, 2.8 Fe, 0.5 Mn, 0.5 B, 0.02 Cu,
0.05 Zn, and 0.01 Mo. The pH of nutrient solution was adjusted each time to 6.5 with 0.1 mM KOH (Potassium hydroxide). Heavy metal treatments consisted of CuSO4.5H2O,
CdCl2.H2O, CoCl2.H2O, Pb(NO3)2 and CrCl3.6H2O introduced separately. In the experiment, the treatments consisted
of Cu at 250 and 500 µM; Cd at 25 and 50 µM; Co at 100
and 200 µM; Pb at 250 and 500 µM; Cr at 50 and 100 µM;
and a control comprising nutrient solution without any
heavy metals. Plants grew to harvest stage under glasshouse
conditions at average day/night temperatures of 25/15 °C.
The plants were harvested at ninety DAP (days after planting). Each treatment was replicated four times in a randomized block design and each replicate included 4 plants (i.e.,
16 plants per treatment). In all of the analyses, leaves were
sampled from the mid section of each plant in order to minimise age effect.
2.2 Chlorophyll determination

Extraction was carried out on fresh leaf material; one
g leaf sample was ground in 90% acetone using a pestle
and mortar. The absorbance was measured with a UV/visible spectrophotometer and chlorophyll concentrations
were calculated using the equation proposed by Strain and
Svec [17].
2.3 Proline and protein content

Proline was determined according to the method described by Bates et al. [18]. Approximately 0.5 g of fresh
leaf material was homogenized in 10 ml of 3% aqueous
sulfosalicylic acid and filtered through Whatman’s No. 2
filter paper. Two milliliter of the filtrate was mixed with 2
ml of acid-ninhydrin and 2 ml of glacial acetic acid in a test
tube. The reaction mixture was extracted with 4 ml toluene
and the chromophore containing toluene was aspirated,
cooled to room temperature, and the absorbance was measured at 520 nm with a Spectrophotometer.
Protein content in the enzyme extracts was determined
according to Bradford [19] using Bovine Serum Albumin
V as a standard.
2.4 Electrolyte leakage (EC%)

2. MATERIALS AND METHODS
2.1 Plant culture and treatments

The experiment with maize (Zea mays L. cv., DK 647)
was conducted under glasshouse conditions in Mugla (Turkey) from the middle of February to the middle of June
2011. Seeds were germinated in a mixture of sand, peat,

EC was assessed as described by Lutts et al. [20] using
nine leaf discs for each treatment. Leaf discs were placed
in closed vials containing 10 ml of deionized water and incubated at 25 °C on a rotary shaker for 24 h; subsequently
electrical conductivity of the solution (EC1) was determined. Samples were then autoclaved at 120 °C for 20 min
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and the last electrical conductivity (EC2) was obtained after
equilibration at 25 °C. The electrical conductivity (EC%)
was expressed as EC1/EC2 x 100.
2.5 Enzyme assay

Leaves (0.5g) were homogenized in 50 mM sodium
phosphate buffer (pH 7.0) containing 1% soluble polyvinyl
pyrolidine (PVP). The homogenate was centrifuged at
20.000 g for 15 min at 4 °C and the supernatant used for
assays of the activities of Peroxidase (POD) and Superoxide dismutase (SOD). The activity of SOD was assayed by
monitoring its ability to inhibit the photochemical reduction of NBT (Nitro blue tetrazolium) [21]. The activity
of POD was assayed by adding aliquot of the tissue extract
to 3 ml of assay solution, consisting of 3 ml of reaction
mixture containing guaiacol, H2O2 and Na-phosphate [22].
Polyphenol oxidase activity (PPO) activity was assayed
with 4-methylcatechol as a substrate according to the
method of Zaubermann et al. [23].
2.6 Dry weight, nutrient and heavy metal determinations

Three randomly selected plants per replicate were divided into shoots (leaves) and roots, and dried in a forced
air oven at 70 °C for two days to determine dry weights.
Chemical analyses were carried out on dry weight basis.
The dried samples were ground to powder using a pestle
and mortar and stored in polyethylene bottles. Ground samples (0.5 g per replicate) were ashed at 550 °C for 6 hours.
The white ash was taken up in 5 mL of 2 M hot HCl, filtered into a 50 mL volumetric flask and made up to 50 mL
with distilled water. Macro and micro nutrients (Ca, K, Mg,
Na, P, Zn, Cu, Fe, Mn) and heavy metals (Cu, Cd, Co, Pb,
Cr) were determined in these sample solutions. All of the
elements were analyzed using an ICP-AES (Inductively
coupled plasma atomic emission spectroscopy) [24].
2.7 Statistical analysis

The experiment was performed twice under the same
environmental conditions. Statistical analysis (ANOVA)

indicated that there were no significant differences in measurements between the two runs; data presented here are the
averages of the two experiments. A two way analysis of
variance was performed on all data and the LSD was calculated at P ≤ 0.05.

3. RESULTS
3.1 Fresh and dry weight

All heavy metal treatments caused significant decrease
in fresh and dry weights (FW and DW) of shoot and root.
Particularly, high concentrations of all heavy metals strikingly inhibited FW and DW of shoot and root and affected
negatively plant growth. Excess Cd (50 µM) largely inhibited FW and DW of shoot and root. Cd (50) reduced FW of
shoot and root of maize plant by 71 and 85%, respectively.
In addition, Cd (50) reduced DW of shoot and root of maize
plant by 70 and 85%, respectively, when compared to the
control plants. The lowest reduction in the FW and DW
was recorded with Cu (Table 1).
3.2 Proline, chlorophyll and carotenoid contents and EC%

In the presence of Cu (500 µM), proline content of
maize leaves increased 64%. However, it also decreased
38% in the absence of Cd (25) compared to the control.
However, excess Cd (50) sharply increased leaf proline
content when compared to the Cd (25). Proline content in
leaves treated with Cu, Cd, Co, and Cr decreased or slightly
increased at low metal concentrations but increased considerably at high metal concentrations. A sharp decrease in
the total chlorophyll content was observed with increasing
concentration of Cu (500). Although total chlorophyll concentration increased to 60% of the control in maize leaves
with the Cu (250), it diminished to 33% of the control with
the Pb (500). In addition, a similar tendency was also observed
for the carotenoid content of leaves. Co (200) increased the
EC in maize leaves by 30%, but Cu (250) decreased the EC
by 20% compared to the control (Fig 1, Table 8).

TABLE 1 - Fresh and dry weight of shoot and root of maize seedlings treated with different heavy metals (µM).
Treatments

Fresh weight (g)
Dry weight (g)
Shoot
Root
Shoot
Root
141.4± 0.80a
49.6± 1.38a
22.4± 0.55a
12.4± 0.53a
Control
115.3± 1.53b
27.2± 0.65c
15.4± 0.55b
6.7± 0.61c
Cu (250)
98.7± 1.07e
28.0± 0.86b
11.5± 0.49h
7.2± 0.80b
Cu (500)
105.7± 0.79c
24.3± 0.61d
13.4± 0.52e
6.0± 0.56d
Cd (25)
m
k
l
41.4± 1.98
7.5± 0.76
6.8± 0.91
2.1± 0.79k
Cd (50)
d
f
d
99.5± 0.49
18.3± 0.67
13.8± 1.04
3.6± 0.39g.h
Co (100)
l
j
k
49.3± 0.66
10.5± 0.73
7.3± 0.77
2.7± 0.40j
Co (200)
h
g
f
82.5± 1.32
16.1± 0.87
12.9± 1.04
3.4± 0.49h.i
Pb (250)
57.8± 1.08j
11.3± 0.57i
8.8± 1.09i
2.7± 0.50j
Pb (500)
91.0± 1.00g
21.3± 1.15e
12.3± 0.72g
5.1± 0.76f
Cr (50)
k
j
j
53.4± 1.57
10.3± 0.99
8.2± 0.81
2.6± 0.39j
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.
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FIGURE 1 - Proline and EC% of maize leaves treated with different heavy metals.

3.3 Soluble protein and antioxidative enzymes

Heavy metal treatments largely increased the soluble
protein and antioxidative enzyme activities in maize leaves
compared to the control plants. Although the POD activity
decreased to the minimum (except Co) with increasing
concentration of Cu, Cd, Pb, and Cr, it was still higher
compared to control. Excess Cu greatly increased PPO enzyme activity in the leaves. At the same time, excess Co
enhanced SOD enzyme activity. Soluble protein content,
POD, PPO, and SOD enzyme activities increased by 26%
with Cu (250 µM), 45% with Cu (250), 187% with Cu
(500), and 102% with Co (200), respectively (Table 9).
3.4 Leaf and root heavy metal contents

Heavy metal content in the leaves and roots of maize
increased markedly with an increase in heavy metal treatments. Leaf and root heavy metal contents of maize plant
(except leaf Pb content) increased significantly when
treated with Cu, Cd, Co, Pb, and Cr. Cd content was unaffected in the leaves of the maize plants following the Cu
treatment. Furthermore, Co showed no clear response to

low concentrations Cu and Cd treatment, although Pb in
the leaves of maize plant decreased with Cu, Cd, and Co
application. Leaf Cd, Co, and Pb contents increased following the Pb (500 µM), Cu (500), and Cr (100) treatments, respectively. However, Cr showed unstable tendency. A similar pattern was also observed in the heavy
metal contents of roots (Table 2,3).
3.5 Leaf and root macro – micro nutrient contents

Leaf and root macro nutrient contents of maize plant
(except leaf K content) treated with Cu, Cd, Co, Pb, and Cr
increased significantly at high heavy metal concentrations
with regard to low heavy metal concentrations. Leaf macro
nutrient contents of maize plant (except leaf K content) increased significantly when treated with Cu, Cd, Co, Pb, and
Cr compared to the control. K contents did not change, or
decreased only slightly following the heavy metal treatments in leaves, although the K content increased progressively in roots at the high concentrations of heavy metals.
Furthermore, Cr (100 µM) and Pb (250) treatments significantly increased K content in leafs. Although Cu, Cd, Co,

TABLE 2 - Leaf heavy metal contents (ppm) of maize seedlings treated with different heavy metals (µM).
Treatments
Cd
Co
Cr
Pb
0.03 ± 0.01h
1.43 ± 0.11i
1.14 ± 0.15f
1.39 ±0.53d.e
Control
0.04 ± 0.01h
1.51 ± 0.27i
2.00 ± 0.30d
0.42 ± 0.10g
Cu (250)
h
c
c
0.05 ± 0.01
8.23 ± 0.70
2.32 ± 0.58
0.93 ± 0.06f
Cu (500)
b
i
c
1.53 ± 0.55
1.47 ± 0.50
2.43 ± 0.32
0.54 ± 0.10f.g
Cd (25)
a
f.g
a
2.19
±
0.51
3.81
±
0.81
3.62
±
0.39
0.97 ± 0.12e.f
Cd (50)
0.47 ± 0.08d
23.2 ± 1.77b
1.52 ± 0.54e
0.65 ± 0.21f.g
Co (100)
0.17 ± 0.01f.g
123 ± 1.75a
3.85 ± 0.82a
1.00 ± 0.22e.f
Co (200)
e.f
g
g
0.30 ± 0.06
3.34 ± 0.38
0.83 ± 0.16
73 ± 1.90b
Pb (250)
c
e
d.e
1.25 ± 0.22
5.01 ± 0.54
1.75 ± 0.24
149 ± 1.60a
Pb (500)
f.g
f
e
0.31 ± 0.02
4.04 ± 0.84
1.49 ± 0.50
1.71 ± 0.28d
Cr (50)
d.e
d
b
0.37
±
0.01
5.75
±
0.73
3.33
±
0.62
3.47 ± 0.50c
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.
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TABLE 3- Root heavy metal contents (ppm) of maize seedlings treated with different heavy metals (µM).
Treatments
Cd
Co
Cr
Pb
0.07 ± 0.01e
5.20 ± 0.75i
4.90 ± 1.10i
0.36 ± 0.04g
Control
7.67 ± 1.46h
13.64 ± 1.51h
1.73 ± 0.25e.f
0.14 ± 0.03d.e
Cu (250)
0.51 ± 0.03c
12.1 ± 1.02e
24.51 ± 1.50d
0.35 ± 0.05g
Cu (500)
8.05 ± 1.00g.h
15.16 ± 2.02g
1.53 ± 0.41e.f
16.1 ± 1.01b
Cd (25)
34.3 ± 1.04a
11.6 ± 1.52e
37.45 ± 2.50a
1.28 ± 0.25f
Cd (50)
d.e
b
e
0.18
±
0.02
18.8
±
1.08
20.43
±
1.50
1.81 ± 0.20e.f
Co (100)
385 ± 1.97a
36.39 ± 1.51b
1.43 ± 0.20e.f
0.14 ± 0.01d.e
Co (200)
0.27 ± 0.04c.d
9.10 ± 1.01f
20.55 ± 1.82e
98.5 ± 1.50b
Pb (250)
0.39 ± 0.04c.d
13.3 ± 1.75d
26.19 ± 2.02c
342 ± 2.51a
Pb (500)
8.78 ± 1.57f.g
20.12 ± 1.09e
3.44 ± 0.50d
0.14 ± 0.02d.e
Cr (50)
0.36 ± 0.04c.d
14.3 ± 2.04c
35.54 ± 1.50b
8.72 ± 0.75c
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.

TABLE 4- Leaf macro nutrient contents (g/kg) of maize seedlings treated with different heavy metals (µM).
Treatments
Ca
K
Mg
Na
P
6.7 ± 0.76e
48 ± 2.00c
2.42 ± 0.51e.f
0.22 ± 0.02i
3.46 ± 0.50e
Control
7.5 ± 0.50d
41 ± 2.04f
2.44 ± 0.51e.f
0.19 ± 0.01j
3.45 ± 0.50e
Cu (250)
9.8 ± 1.05b
45 ± 2.00d
3.75 ± 0.25a.b
0.85 ± 0.02a
4.43 ± 0.51b
Cu (500)
45 ± 1.69d
2.25 ± 0.25f
0.27 ± 0.02h
3.71 ± 0.65d.e
7.5 ± 0.50d
Cd (25)
9.6 ± 1.52b
40 ± 2.01g
3.20 ± 0.30c
0.68 ± 0.02d
3.85 ± 0.80c.d
Cd (50)
8.0 ± 1.05a
39 ± 1.07h
2.54 ± 0.50e
0.34 ± 0.05g
3.56 ± 0.45d.e
Co (100)
11.5 ± 1.56a
44 ± 1.56e
3.56 ± 0.51b
0.50 ± 0.06e
4.20 ± 0.41b
Co (200)
9.0 ± 0.95c
50 ± 2.01b
3.20 ± 0.26c
0.50 ± 0.04e
3.63 ± 0.40d.e
Pb (250)
11.9 ± 1.00a
39 ± 2.01h.g
3.85 ± 0.15a
0.82 ± 0.10b
4.80 ± 0.18a
Pb (500)
9.4 ± 0.51b.c
44 ± 1.50d.e
2.81 ± 0.20d
0.35 ± 0.05f.g
3.42 ± 0.55e
Cr (50)
53 ± 2.00a
3.84 ± 0.15a
0.72 ± 0.07c
4.11 ± 1.16b.c
11.4 ± 0.54a
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.

TABLE 5- Root macro nutrient contents (g/kg) of maize seedlings treated with different heavy metals (µM).
Treatments
Ca
K
Mg
Na
P
13.7 ± 1.11c
35.2 ± 2.06f
4.14 ± 0.31f
4.44 ± 0.50e
3.52 ± 0.50h
Control
14.9 ± 1.00b
30.0 ± 1.02i
6.46 ± 0.47c.d
7.94 ± 1.05a
6.49 ± 0.50e
Cu (250)
15.8 ± 1.02a
51.0 ± 1.00b
7.67 ± 0.35b
6.48 ± 0.50c
10.56 ± 0.51a
Cu (500)
15.5 ± 0.81a
37.5 ± 1.50e
5.66 ± 0.57e
7.33 ± 0.76b
6.49 ± 0.50e
Cd (25)
16.0 ± 1.00a
43.5 ± 1.50d
6.65 ± 0.56c
6.96 ± 1.00b.c
10.48 ± 0.50a
Cd (50)
12.6 ± 0.54d
31.0 ± 1.00h
5.89 ± 0.95e
7.97 ± 1.00a
5.78 ± 0.75f
Co (100)
12.2 ± 0.60d
44.0 ± 1.00d
8.44 ± 0.50a
6.66 ± 0.83c
8.47 ± 0.50b
Co (200)
f
b
g
a.b
51.1
±
1.03
3.61
±
0.53
7.45
±
0.50
5.45
± 0.50f
8.4
±
0.52
Pb (250)
11.3 ± 0.56e
62.0 ± 1.00a
6.45 ± 0.50c.d
4.96 ± 1.00d
7.03 ± 0.99d
Pb (500)
4.4 ± 0.51h
32.2 ± 1.08g
1.81 ± 0.27h
3.98 ± 1.00e
3.52 ± 0.50h
Cr (50)
43.4 ± 1.50d
4.52 ± 0.50f
3.13 ± 0.85f
6.83 ± 0.90d.e
5.8 ± 1.06g
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.

TABLE 6- Leaf micro nutrient contents (ppm) of maize seedlings treated with different heavy metals (µM).
Treatments
Cu
Fe
Mn
Zn
7.90 ± 1.01f
99.26 ± 2.05e
163 ± 2.00h
45.63 ± 1.51j
Control
16.8 ± 1.04b
59.30 ± 2.06j
148 ± 1.62j
40.53 ± 0.50k
Cu (250)
115.2 ± 2.4c
255 ± 2.06b
103.2 ± 2.04c
172 ± 2.01a
Cu (500)
g
i
k
6.93
±
1.00
61.76
±
1.07
121
±
1.51
35.20 ± 2.02l
Cd (25)
11.4 ± 0.51d
100.2 ± 2.05e
173 ± 2.04f
83.10 ± 2.00f
Cd (50)
6.46 ± 0.55g
64.56 ± 1.50h
150 ± 1.01i
50.50 ± 1.50h
Co (100)
9.36 ± 0.70e
123 ± 2.00b
250 ± 2.51c
86.33 ± 1.52e
Co (200)
9.86 ± 1.02e
88.20 ± 2.02f
201 ± 1.53e
86.43 ± 1.50e
Pb (250)
11.9 ± 1.01d
144.8 ± 2.02a
254 ± 1.50b
113.3 ± 2.06b
Pb (500)
9.40 ± 1.55e
101.4 ± 1.50d
283 ± 2.02a
92.53 ± 1.50d
Cr (50)
13.5 ± 1.50c
123.1 ± 2.02b
204 ± 1.50d
126.6 ± 1.50a
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.
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TABLE 7- Root micro nutrient contents (ppm) of maize seedlings treated with different heavy metals (µM).
Treatments
Cu
Fe
Mn
Zn
11.98 ± 1.00i
119 ± 1.09m
53 ± 2.00l
153 ± 2.06i
Control
1907 ± 2.64f
224 ± 1.50f
163 ± 2.00g
86.23 ± 2.04b
Cu (250)
190.6 ± 1.51a
2516 ± 3.19c
352 ± 2.00b
314 ± 1.50b
Cu (500)
1596 ± 3.58i
151 ± 1.50h
153 ± 2.08i
13.08 ± 2.00h
Cd (25)
22.57 ± 1.50d
2987 ± 2.50a
254 ± 2.56d
317 ± 2.50a
Cd (50)
g
g
f
14.76
±
1.08
1757
±
2.54
223
±
2.52
134
± 1.50k
Co (100)
2875 ± 4.50b
368 ± 3.08a
286 ± 2.04c
19.91 ± 1.01e
Co (200)
11.76 ± 1.08i
1251 ± 5.50j
129 ± 2.04j
147 ± 2.50j
Pb (250)
18.62 ± 1.51f
2197 ± 2.61d
235 ± 2.00e
212 ± 2.50f
Pb (500)
707 ± 3.14l
93 ± 1.51k
105 ± 2.53l
7.54 ± 0.50 j
Cr (50)
19.30 ± 2.06e.f
1221 ± 4.07k
132 ± 2.50i
274 ± 1.50d
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data arepresented as means
of four replicates.

Pb, and Cr significantly increased root Mg, Na, and P
contents compared to the control, there were an unclear
pattern at the root Ca and K contents. Leaf and root micro
nutrient contents increased significantly when treated with
Cu, Cd, Co, Pb, and Cr compared to the control. Excess
concentration of the heavy metal treatments caused significant increase in leaf and root micro nutrient contents. Excess of Cr (100), Pb (500), Cu (500), and Cr (100) largely
increased Cu, Fe, Mn, and Zn contents in leaves. Furthermore, excess of Cd (50), Cd (50), Co (200), and Cd (50)
considerably increased Cu, Fe, Mn, and Zn contents of
roots, respectively (Table 4,5,6,7).

4. DISCUSSION
4.1 Fresh and dry weight

Heavy metals are known to disturb normal growth and
development of plants. Roots are the most sensitive to metal
phytotoxicity as they accumulated the prevalence of heavy
metal ions [25]. The most general visible, but nonspecific
symptom of heavy metal stress is growth inhibition, which
has been investigated in many plants, including maize [26].
In the present study, shoot and root fresh and dry weights
were dramatically reduced at high Cd level (50 μM). Furthermore, our results showed that the accumulation of Cd
in roots was higher than in leaves. For this reason, Cd-induced biomass reduction of roots was higher than that of
shoot (Table 1).
Root growth disorders have also been noticed at elevated levels of Cd. Root growth was particularly sensitive
to the presence of toxic metal. The harmful effect of Cd on
root growth was either through inhibition of root elongation or the lowered availability of nutrients for root growth
[27]. Cadmium inhibits germination and growth processes
and the development of maize seedlings [28]. Treatment
with 1 μM Cd for 24 h led to root-growth inhibition of up
to 30%. This growth inhibition was concentration-dependent and exhibited a positive correlation with the reduction
in the viability of root cells [29].
The inhibition of root growth can be attributed in part
to the inhibition of mitosis, the reduced synthesis of cell-

wall components and damage to the Golgi apparatus [30].
In many plant species, it has been observed that although
cell division did not cease as the result of Cd treatment, the
growth of the cells was inhibited. This inhibition of cell
growth after Cd treatment appeared to be caused by the formation of stronger cross-binding between the pectin molecules in the cell wall and by a reduction in the size of the
intercellular space [31]. These results agree with the finding
of Ekmekci et al. [32], where they reported that increased
concentrations of Cd produced significant growth inhibition
in maize plant, as observed in dry weight of leaves and roots.
At all Cd concentrations, a significant reduction in biomass
was observed for maize plant compared with their controls.
Furthermore; according to Benimeli et al. [66], maize seedlings exposed to 10−4 M Cu2+ increased 16 % in shoots and
42 % and leaves growth as compared to the controls. Maize
seedlings treated with 10−3 and 10−2 M Cu2+ caused an inhibition in shoot and leaf growth. On the other hand, treatment with 10−2 M Cu2+ caused weight decrement in fresh
weights of roots, shoots and leaves.
4.2 Proline, chlorophyll and carotenoid contents and EC%

More studies should be done to show the potential of
proline as an indicator for assaying the effect of environmental stress on plants. Accumulation of free proline in response to heavy metal exposure seems widespread among
plants [33]. Exposure to heavy metals, especially Cd [29],
is known to disturb the plant water balance. Proline accumulation in plants under Cd stress is induced by a Cd-imposed decrease of the plant water potential, and the functional significance of this accumulation would lie in its
contribution to water balance maintenance; proline-mediated alleviation of water deficit stress could substantially
contribute to Cd tolerance [33]. Proline increases the stress
tolerance of plants through such mechanisms as osmoregulation, protection of enzymes against denaturation, and
stabilization of protein synthesis [34, 35]. Pandey and
Sharma [36] indicated that exposure to each Co2+, Ni2+ and
Cd2+ decreased chlorophyll content (Ni2+>Cd2+>Co2+),
concomitant with decrease in the activities of the Fe enzymes-catalase and peroxidase, suggesting reduced availability of Fe for chlorophyll–heme biosynthesis. Besides;
same researchers reported that each Co2+, Ni2+ and Cd2+ de-
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creased water potential and transpiration rate, associated
with increase in diffusive resistance showing development
of water stress. This was further substantiated by enhanced
accumulation of proline in the leaves of plants exposed to
Co2+, Ni2+ and Cd2+. In maize, Cd treatment resulted not
only in a reduction in protease activity, but also in the accumulation of amino acids and proline [37]. The present
results showed that the toxicity of heavy metals decreased
the chlorophyll and carotenoid content of the leaves of
maize seedlings (Table 8).
Two possible mechanisms of heavy metals toxicity on
photosynthesis have been proposed to explain the decrease
in chlorophyll pigments. Heavy metals can alter either
chlorophyll or carotenoid biosynthesis by inhibiting protochlorophyllide reductase and the photosynthetic electron
transport by inhibiting the water-splitting enzyme located
at the oxidising site of photosystem II [38]. Interactions
with SH groups are involved in the inhibition of protochlorophyllide reductase by Cd [39]. Chen and Kao [40] reported that chlorophyll levels decreased with increases of
Cu in solution, indicating that excess Cu induces the loss
of chlorophyll in detached rice leaves, although the opposite effect has also been reported My´sliwa-Kurdziel and
Strzalka [41]. Similar results were reported by Martins and
Mourato [42]. In maize, Cd inhibits chlorophyll biosynthesis [43]. It reduces both the total chlorophyll and the carotenoid contents, though the latter decreases to a lesser extent, thus leading to a drop in the chlorophyll: carotenoid
ratio. Besides; Zou et al. [63] reported that chl a/b ratio decreased in Zea mays plants treated with higher doses of Cr.
According to the study of Gupta et al. [65], high concentrations of Pb decreased the photosynthetic pigments.
Jaleel et al. [67] observed that Co treated Zea mays plant
have shown increase in all the growth parameters, pigment
content, biochemicals and mineral content at 50 mg Co kg1
soil when compared with the control. Further increase in
the Co levels (100-200 mg kg-1 soil) has a negative effect
on all the above parameters.
Cell membrane stability has long been taken as an indicator of stress tolerance. EC%, also known as membrane

permeability and it can be defined as ion instability caused
by the intracellular and extracellular osmotic inconsistency
developed under abiotic stress. The results of this study
also demonstrated a marked increase in electrolyte leakage
(or conductivity) due to increased concentrations of Cu
(500), Co (200), and Cr (100) in leaves compared to low
concentrations of these heavy metals.
A similar result were obtained by Ekmekci et al. [32],
who observed the increase in membrane permeability of
the maize plant under Cd stress. In the same study, they
reported that Cd applications probably resulted in membrane damage and deterioration of membrane integrity.
Based on the electrolyte leakage results, a greater extent of
membrane damage was observed for cultivars of 3223 at
the highly toxic Cd level than that of cultivars of 32D99.
Furthermore; MDA content which increased linearly with
increasing Pb levels resulted in significant rises in the levels of MDA in Zea mays compared with the control [65].
These results are similar to those of Zou et al. [63] in
which application of Chromium caused an increase in the
electrical conductivity of the cell membrane, and malondialdehyde (MDA) content (a peroxidation product) reflected
peroxidation of membrane lipids leading to the loss of the
membrane's selective permeability. These findings correspond to the results of our study.
4.3 Soluble protein and antioxidative enzymes

The antioxidative defence system scavenges toxic free
radicals to protect the plant from oxidative stress caused by
heavy metals In higher plants, heavy metals induce oxidative stress by generation of superoxide radical (O2-), hydrogen peroxide (H2O2), hydroxyl radical (OH-), and singlet
oxygen (1O2), collectively termed ROS (Reactive Oxygen
Species). ROS can rapidly attack all types of biomolecules
such as nucleic acids, proteins, lipids, and amino acids,
leading to irreparable metabolic dysfunction and cell death.
Therefore, the induction of antioxidant enzymes including
SOD, CAT, and POD is an important protective mechanism to minimize oxidative damage in polluted environments [44].

TABLE 8 - Chlorophyll a, b, total and carotenoid contents of maize leaves treated with different heavy metals (µM).
Treatments

Chlorophyll a
(mg/g) F.M.

Chlorophyll b
(mg/g) F.M.

Total
Carotenoid
Chlorophyll
(mg/g) F.M.
(mg/g) F.M.
3.62± 0.50a.b
1.62± 0.49c.d
5.33± 0.67b.c
3.14± 0.60a.b
Control
4.50± 0.34a
3.80± 0.23a
8.50± 0.56a
1.44± 0.42d
Cu (250)
1.22± 0.28e
3.71± 0.49f
2.41± 0.30a.b.c.d
2.57± 0.44d.e
Cu (500)
3.60± 0.55a.b
1.45± 0.38d.e
4.14± 0.58e.f
2.05± 0.07c.d
Cd (25)
3.91± 0.66a.b
1.83± 0.28b.c
5.81± 0.40b.c
3.23± 0.89a
Cd (50)
2.01± 0.21b.c
6.49± 0.57b
2.61± 0.50a.b.c
4.29± 0.66a.b
Co (100)
2.60± 0.44d.e
1.64± 0.22b.c
4.36± 0.61e.f
2.78± 0.31a.b.c
Co (200)
3.17± 0.32c.d
1.53± 0.24d.e
4.48± 0.84d.e
2.27± 0.16a.b.c.d
Pb (250)
2.12± 0.12a
1.45± 0.31d.e
3.57± 0.54f
2.19± 0.52a.b.c.d
Pb (500)
3.53± 0.68b.c
2.15± 0.27b.c
5.60± 0.71b.c
3.19± 0.44a.b
Cr (50)
3.32± 0.45c.d
1.69± 0.15b.c
5.00± 0.57c.d
3.04± 0.83a.b.c
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.
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Accordingly, the activity of one or more antioxidant enzymes generally increases in plants when exposed to stress
conditions, and this elevated activity is correlated to increased stress tolerance. It has been previously reported that
Cu increases the activities of POD and SOD [45]. In our
study, toxicity symptoms induced by highest Cu concentration were linked to a sharp rise in leaf Cu content, accompanied by oxidative stress; however activities of the antioxidant enzymes were affected differently. Feng et al. [44], reported that for pollution monitoring purposes, POD activity
in roots and leaves serve as a biomarker of heavy metal stress
in K. candel, while lipid peroxidation serve as biomarker in
B. gymnorrhiza. POD activation is an important event in Cdinduced acclimation. Induction of POD is a general stress
response and is not specific to metals. The hypothesis that
Cd induces a more general physiological reaction involving
formation of H2O2 and/or organic peroxides is supported by
these observations. During stress, oxygen derivatives accumulate and this results in the induction of enzymes such as
POD, SOD and catalases [46]. These enzymes provide antioxidant protection and preserve membrane integrity [39].
Higher SOD activity was observed by Gupta et al. [65] in
roots (compared to shoots) when they studied time independent Pb exposure. On the other hand, a linear increase in
the SOD activity in both roots and shoots was observed after
prolonged exposure of Pb. Additionally, CAT activity also
showed similar behavior.
A review of existing data on the induction of enzymes
of the intermediary metabolism by several metals is given
by Vangronsveld and Clijsters [47] and Lagriffoul et al.
[39]. The fact that these enzymes seem to be inhibited by
Cd in maize suggests that enzyme responses can vary between plant species and metal treatments. In principle, two
main mechanisms of enzyme inhibition can occur: (1)
binding of the metal to sulfhydryl groups, involved in the
catalytic action or structural integrity of enzymes, and (2)
deficiency of an essential metal in metalloprotein complexes, combined with the substitution of the toxic metal
for the deficient element.
Our results showed slight reduction in POD activity for
maize plant following the heavy metal treatments compared

to the control. At the low concentration of the tested heavy
metals (except Cr), PPO and SOD activities increased
slightly compared to the control, whereas at the high concentrations of Cu and Co, PPO and SOD activities increased
sharply, respectively. The increase in related antioxidative
enzyme activities indicated that maize plant had the capacity
to adapt to moderate heavy metal concentrations by developing an antioxidative defense system (Table 9).
The harmonious interactions of the antioxidative enzymes maked the balance of free radical production and
elimination, and keep the level of free radicals in plants low
to prevent the injury of cells by free radical. The activities
of POD, SOD and CAT are usually enhances by heavy
metal stress such as Cd, Cr, Ni and Pb in low concentration
[48]. Martins and Mourato [42] reported that the activities
of guaiacol peroxidases, catalase, and polyphenol oxidase
increased transiently, probably as an early response mechanism against Cu induced oxidative stress. At high Cu concentrations, this defense mechanism broke down and the
activities of the enzymes decreased accordingly.
Other authors were shown that excess Cu increased the
activities of antioxidative enzymes such as peroxidase [49],
or catalase and superoxide dismutase [50]. Weckx and
Clijsters [51] showed that toxic Cu concentrations induced
oxidative stress in primary leaves of Phaseolus vulgaris, and
they induced an efficient defense mechanism against oxidative stress by increasing the capacity of ascorbate peroxidase
and catalase, without any effect on total superoxide dismutase activity. Furthermore; Mallick et al. [64] observed
changes in APX and GPX activities in the leaves of Cr-contaminated maize plants. It means they can cause tolerance
against heavy-metal. Cr amount was found decreased in the
presence of Fe that mean the plant has tolerance. Similar results were reported by Martins and Mourato [42].
4.4 Leaf and root macro – micro nutrient and heavy metal contents

In this study tested one essential (Cu) and four nonessential (Cd, Co, Pb and Cr) metals, though each elementis toxic in excess. Our results showed that excess supply
of tested heavy metals caused an increase in the macro (ex-

TABLE 9 - Soluble protein contents. POD, PPO and SOD enzyme activities of maize leaves treated with different heavy metals (µM).
PPO
SOD
Soluble
POD
(Unit mg-1 protein)
Protein
(Unit100 mg-1 protein)
(A470/min-1 mg-1 pro(mg/0.5 g F.M.)
tein)
5.4± 0.32h
25.4± 0.87d
6.45± 0.60g
22.18± 1.10h
Control
6.7± 0.15a
36.3± 2.16a
11.26± 0.95c.d
29.68± 1.83g
Cu (250)
6.0± 0.05c.d
30.0± 1.03c
18.48± 0.89a
30.85± 1.18f.g
Cu (500)
6.5± 0.13a.b
33.7± 0.93b
11.09± 0.91c.d
32.85± 0.95e
Cd (25)
5.7± 0.26e.f
30.0± 1.10c
8.20± 0.91f
36.89± 0.92c
Cd (50)
6.7± 0.15a
29.4± 2.09c
12.77± 0.23c
38.93± 1.05c
Co (100)
5.6± 0.15f.g
30.2± 1.22c
16.46± 1.76b
45.64± 0.51a
Co (200)
36.5± 1.28a
7.75± 0.73f.g
34.77± 1.12d
6.2± 0.18b.c
Pb (250)
6.3± 0.27b.c
33.3± 0.98b
8.88± 0.90e.f
37.65± 0.88c
Pb (500)
5.9± 0.19c.d
36.6± 1.29a
18.2 ± 1.09a
42.44± 1.33b
Cr (50)
33.5± 1.80b
12.71± 0.73c
38.67± 1.57c
5.4± 0.38g.h
Cr (100)
Mean values marked with the same letters within the parameter do not differ significantly according to LSD’s test; p≤0.05. Data are presented as means
of four replicates.
Treatments
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cept Na) and microelement contents of the leaves and roots
of the maize plants. A similar pattern was observed in the
heavy metal contents of leaves and roots.
Heavy metals are able to interact with essential macro
and microelements, thus exerting a significant influence on
plant nutrient uptake. The mechanisms of heavy metals interactions are very complex and still only fragmentarily
known. Heavy metals can inhibit the uptake of other nutrients by: competition, influence of root membranes (e.g.
root membrane lipid peroxidation or damage of proteins),
ATP-ases and other carriers, decreased root respiration (diminishing the active transport of elements), root damage
and root retarded growth resulting in decreased unsuberinized root tips area and damage of the permeability
barrier of root cells [52]. Same author reported that heavy
metals caused a strong Fe deficiency by its decreased uptake
or immobilization in roots. Zn and Cu levels were also lowered. There are data confirming the fact that: Cd, Co, Cr, Pb
and Mn accumulation causes Fe deficiency in plants. Furthermore, Cadmium was reported to reduce the uptake of
phosphorus (P), potassium (K), zinc (Zn), copper (Cu), and
sodium (Na) [53, 60] while other authors indicated that reduced K uptake but unchanged P uptake [54] or even an increase in K content [55]. Similar results were reported by
Pandey and Sharma [36]. According to the researchers, exposure to excess concentration of the heavy metals decreased the uptake of Fe and its translocation to leaves.

growth parameters were observed. The heavy metal treatments also affected the uptake of macro-micro element and
heavy metal contents. As these results showed, proline content, POD, SOD, and PPO activities can be used to indicate
heavy metal stress in maize plants and as diagnostic criteria
to evaluate the potential phytotoxicity of metal-contaminated soils. It may be concluded that enhanced oxidative
stress and increased heavy metals content is responsible for
increased growth inhibition, especially under environmental pollution.

The level of Cd uptake in higher plants is determined
by the Cd concentration of the growth media and by its biological availability. The uptake of Cd ions takes place in
competition with that of elements such as K, Ca, Mg, Fe,
Mn, Cu, Zn, and Ni, across the same trans-membrane carrier [56]. Gussarsson [57] showed that K, Ca, Mg, and Mn
contents in the roots of Betula pendula seedlings were reduced, whereas Cu content increased by Cd treatment. In
this experiment, the adverse tendency (except K) was observed. Vazquez et al. [58] reported that Chromium exposure of bean plants affected plant development at concentration of 1 mM. Probably, the greater Cr exposure levels
caused imbalance of nutrients and their role in anabolic
pathways which ultimately arrested normal developmental
process. Our study revealed a similar pattern. Ca, K, Mg,
and Na uptake of the roots were affected by low Cu concentrations compared to the control. Moreover, Rubio et al.
[59] indicated that metal treatments also induced a decrease
in K, Ca and Mg contents in the plants, particularly in the
shoots, indicating that Cd and Ni interfered not only with
nutrient uptake but also with nutrient distribution into the
different plant parts.

4. CONCLUSION
The effect of some detrimental heavy metals on roots
and leaves of maize plants was investigated in this study.
Visible symptoms of toxicity during experiment, increment
in some bio-chemical parameters, and reduction in some
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1. INTRODUCTION

ABSTRACT
Long-term time series of Normalized Difference Vegetation Index datasets is key for the monitoring of land surface dynamics and vegetation change. We evaluated the Advanced Very High Resolution Radiometer (AVHRR) Global
Inventory Modeling and Mapping Studies (GIMMS) NDVI
and the Moderate Resolution Imaging Spectroradiometer
(MODIS) NDVI for the same time period from 2000 to 2006
for a comparative analysis. Prior to use, both datasets have
been processed using the Savitzky-Golay filter to reduce the
effects of clouds, atmosphere, sensor properties and behaviour and the surface Bidirectional Distribution Reflectance
Function (BDRF). The average Normalized Difference Vegetation Index, monthly Coefficient of Variation and trends
of GIMMS and MODIS datasets are typically in alignment.
A high correlation of 98.1% pixels (r≥0.9, P<0.05) are observed between the GIMMS and MODIS datasets. The correlation coefficient, intercept and slope parameters using
the two datasets have been calculated to derive a new
GIMMS dataset (1982-2006). A long-term series dataset
(1982 to 2013) was subsequently produced at 8 km spatial
resolution for the Northeast of China by integrating the
new GIMMS (1982–2000) and MODIS (2001–2013) datasets. The expanded Normalized Difference Vegetation
Index dataset passed consistency tests based on the linear
regression for each pixel and was utilized for the 19822013 long-term series analysis. Significant correlations
were detected between the monthly Normalized Difference
Vegetation Index trends and regional climatic change.

KEYWORDS: MODIS; AVHRR; vegetation dynamics; NDVI; climate change; Northeast of China.
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Vegetation dynamics have been monitored by longterm series of NDVI (Normalized Difference Vegetation Index) datasets at global, continental and regional scales. A
consistent and sufficiently long-term NDVI datasets time series plays an important role in vegetation dynamics change
response to global change [1]. Both AVHRR and MODIS
NDVI can be used to monitor vegetation dynamics, but the
two datasets having different spectral properties, do not allow a direct to combination as a continued sequence to monitor vegetation dynamics [2]. The spectral differences and
consistency for different sensors data have been discussed in
previous studies [1-11]. Integration of multiple sensor data
with different temporal and spatial resolutions and spectral
sensitivities may can help obtaining a consistent long-term
NDVI data series. Several approaches have been developed,
integrating the analysis of multiple sensors. For example,
Brown et al. [1] used a neural network approach to produce
long-term NDVI time series using AVHRR and MODIS datasets. They considered many influencing factors and obtained accurate results. Gitelson [2] used MODIS NDVI optimization to fit AVHRR series. Steven [3] used linear equations to derive conversion coefficients and simulate spectral
responses from different sensors to transform the NDVI. A
Southern Africa study [4] developed a consistent long-term
NDVI series dataset using SPOT-VEGETATION (VGT)
and AVHRR. A linear regression model has been used at
pixel scale, to construct long-term NDVI time series from
1982 to 2009 based on a monthly composite NDVI dataset
from AVHRR and MODIS [8]. Regression analysis was a
primary tool to compare NDVI derived from AVHRR as
well as MODIS raw data. The two datasets proved to be
highly correlated [9]. The high regression coefficients was
observed for most land cover types between MODIS and
GIMMS NDVI datasets the global scale [10]. A study compared GIMMS with MODIS NDVI datasets to validate inter-annual NDVI trends during the summer months (JulyAugust) for high altitudes in North America [11].
The objectives of the study presented are to first apply
a consistency comparison of GIMMS and MODIS datasets
and subsequently derive an extended long-term NDVI time
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series dataset from 1982 to 2013 included, based on
GIMMS and MODIS NDVI datasets for the Northeast of
China. A linear regression analysis was applied to compare
the quality of GIMMS and MODIS datasets at the pixel
scale. Long-term Monthly NDVI data from GIMMS and
MODIS product MOD13C2 between the years 2001 including 2006 were subsequently used to evaluate the compatibility of both data sets of 8 km spatial resolution. The
datasets have been calculated and compared for the period
of overlap of 2001 to 2006, with respect to the mean NDVI,
Coefficient of Variation (CV), and trend behaviour. Comparisons have been completed for the quality of the new
NDVI product from the GIMMS dataset to the MODIS
NDVI in the Northeast of China (NEC). Development of the
Northeast of China long-term NDVI time series data from
1982 to 2013 was accomplished through integration of the
GIMMS and MODIS NDVI datasets. A 32-year monthly
time series (1982-2013) was analyzed for new GIMMSMODIS NDVI data to characterize vegetation dynamics.
Trends of the new GIMMS-MODIS NDVI were also ana-

lyzed for monthly temperature and precipitation data to assess possible relationships with vegetation trends for the
1982-2013 term period. Results of this paper are intended
to exemplify procedures to integrate varying long-term series datasets to vegetation variation monitoring and extended time series of NDVI datasets.
2. MATERIALS AND METHODS
2.1 Study area

The Northeast of China (NEC) region of interest(ROI),
including Heilongjiang , Jilin, Liaoning and a part of Inner
Mongolia, is located between 115°32′ to 135°09′ E and
38°42′ to 53°35′N and covers an area of 1.24 million km2
(Fig. 1). The NEC ROI exhibits extensive natural diversity
with respect to climate, vegetation, geology, and soil. The
overall topography is characterized by central plains-surrounded by mountain ranges. The central plain includes the
Liao River Plain in the south and the Songnen Plain in the

FIGURE 1 - Location of the study area, Northeast of China.
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north of the ROI. The surrounding mountains include the
Greater Khingan Mountains located in the west, the Lesser
Khingan Mountains oriented in northwest and the Changbai Mountains in the east. The Sanjiang Plain is located in
the northeast corner of NEC ROI. The Liao River Plain,
Songnen Plain and Sanjiang Plain combined constitute the
Northeast Plain [12].

data with a 0.05-degree resolution have been resampled to
8 km spatial resolution before calculation of the NDVI then
to matching the AVHRR and MODIS data at the same spatial and temporal resolution. Average values for data from
2001-2006 are used as MODIS exhibited missing data for
the first two months of the year 2000.
2.5.2 Savitzky-Golay filter

2.2 GIMMS 15-day composite NDVI product

The maximum value composites of the NDVI [13] have
an 8 km × 8 km spatial resolution. They originate from the
NASA Global Inventory Monitoring and Modeling Systems
(GIMMS) group at the Laboratory for Terrestrial Physics for
the period from July 1981 to December 2006 [6, 14]. Data
reflect a composite over approximately 15-day periods produced using the Maximum Value Compositing (MVC) technique [13]. The MVC is applied to reduce the influence of
clouds and atmospheric aerosols. After the MVC data are
then calibrated for (volcanic) aerosols, viewing geometry
and other effects not related to vegetation change [6, 1517]. GIMMS data are well documented and frequently utilized to assess long-term vegetation variation responses in
global change [11]. AVHRR GIMMS data collection commenced in July 1981.

Products of long-term-series datasets are currently commonly used in the maximum synthetic treatment process,
such as GIMMS 15-day maximum synthesis, the MODIS 8day, 16-day maximum synthesis and the SPOT VGT 10-day
maximum synthesis among others. Due to the effects of
cloud, atmosphere, sensor and surface bidirectional reflectance, the original synthesized NDVI time-series, will partially contain singular values. Performance limitations using
these data are obvious, especially at pixel scale where the
main focus is the phenomenon of NDVI time-series dip in
the temporal profile or a needlepoint hump. Singular values
do affect data set precision, requiring further post-processing
to reduce the influence of noise and to provide more effective time-series data sets.

2.3 MODIS dataset

The MODIS NDVI product (MOD13C2, Collection 5)
with a 0.05-degree spatial resolution and monthly composites is based on averages of 16 day 1 km MOD13A2
NDVI data [18, 19]. The MOD13C2 data have quality assessment product describing the overall usefulness and
cloud conditions on a per-pixel basis [10, 20]. In this study,
MOD13C2 monthly 0.05-degree NDVI products are required to cover the entire study area for all available dates
from February 2000 to December 2013. All products have
been downloaded from the following site URL: http://reverb.echo.nasa.gov/reverb/ and acquired to mask out cloudcovered and poor quality data.
2.4 Vegetation types data

Vegetation map have been used for analysis and description of the agreement and discrepancies between the
MODIS and GIMMS datasets. We selected the 1:1 000 000
Chinese vegetation map [21] for this purpose (Fig. 2). The
1:1 000 000 Chinese vegetation map [21] was used because
its independence of both GIMMS and MODIS datasets.
.
2.5 Data processing
2.5.1 Data resampling

The AVHRR GIMMS dataset with 15 day composites
dating from January 1982 to December 2006 have been aggregated into monthly composites utilizing the MVC compositing criterion to reduce cloud influence and to be able
to match the GIMMS with MODIS monthly data. NDVI
values computed used a nonlinear transformation, thus the
resampling of the MODIS 0.05 degree resolution data for
the surface reflectance data is better than for the NDVI data
[10]. The red and near-infrared reflectance of MOD13C2

FIGURE 2 - Vegetation types for the Northeast of China (NEC),
Twelve regions of interest (ROI’s) have been selected in the NEC
study area, to enable the analysis the relationship between the
MODIS and GIMMS datasets for different pixel sizes

Domestic and foreign scholars proposed several algorithms for the reconstruction of (NDVI) time-series, such
as the best index of slope extraction (BISE) method [22],
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the average iterative filtering method [23], the Fourier
transform method [24], the Savitzky-Golay filtering
method [25], the Asymmetric Gaussian fitting method
[26], the wavelet analysis method [27] and linear interpolation within the time window [23]. High accuracy of remotely sensed data in a time series requires a noise smoothing process for the removal of leakage or vacancy points
within the series. The Savitzky-Golay filtering (S-G)
method is applied in this study to fit the time series data.
The calculating formula for the S-G filter is as follows:

Y j 

i m

CiY j 1

 2m  1

(1)

i  m

3. RESULTS AND DISCUSSION
3.1 Comparison of GIMMS and MODIS datasets for the period
2001-2006

Monthly average NDVI and monthly CV have been
calculated to assess vegetation variability. The trend estimator and the Mann-Kendall significance statistic [28]
have been calculated to evaluate temporal trends.
The mean NDVI values for GIMMS and MODIS elicit
similar spatial patterns for NEC (Fig. 3) and are clearly
linked with the different vegetation types for the NEC region (Fig. 2). Similarly, the coefficients of variation for
GIMMS and MODIS demonstrate similar spatial patterns


Where Y j the reconstructed time-series dataset; Ci

is the Least-squares filter coefficient; j represents the original coordinates of the sliding window; Yj 1 represents the
j-th original values of the sliding window, 2m+1 is the
width of the sliding window.
2.5.3 Statistical methodology

The consistency of the MODIS and GIMMS datasets
has been tested applying a series of statistical techniques.
This should allow to obtain correspondence in temporal
and spatial trends for the period of overlap 2001-2006 and
to assess the linear associations between the two datasets.
The results of the analyses of the statistics was mapped as
correlation coefficients (r), regression slopes and regression intercepts. Slope and intercept were then applied to
produce a new GIMMS dataset (to which we refer as NGIMMS dataset in this paper) matching the MODIS dataset. The mean and variability changes from 2001-2006
have also been calculated using the two datasets. Comparisons have been completed to monitor the difference between GIMMS and MODIS datasets by focusing on average of NDVI, Coefficient of Variance (CV), correlation coefficient and trends. Long-term NDVI time-series trends
analysis using a simple linear regression model has been
applied compare time-series with trend statistics, which
have summarized for twelve regions of interest (ROI’s,
Fig. 2).
2.6 Construction of a-long-term-time series dataset

Time series dataset consistency has been analyzed and
evaluated for the GIMMS and MODIS datasets for the period of overlap 2001-2006. Calculations of the correlation
coefficient, intercept and slope between GIMMS and
MODIS datasets have been performed. These variables and
parameters have been applied for a linear regression with
the GIMMS dataset from 1982 to 2006 hence, deriving a
new GIMMS dataset (e.g. new-GIMMS =slope*GIMMS +
intercept). The new GIMMS-MODIS dataset, encompassing the 1982-2013 time period, is referred to as the NGM
(New dataset by integrating GIMMS and MODIS data) and
consists of the new GIMMS dataset (1982-2000) and the
MODIS (2001-2013) dataset.

FIGURE 3 - Mean NDVI values for GIMMS and MODIS for the time
period 2001-2006.
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The correlation between GIMMS and MODIS NDVI
data seems to depend on vegetation properties such as a
mean NDVI, CV and vegetation cover type. High r values
typically relate to high NDVI values (vegetation area) and
vice versa (water, city and bare land). For example, low r
value regions west of Jilin province and eastern Inner Mongolia are mainly composed of saline-alkali land, grassland
and desert areas. High r value regions occur in the Greater
Khingan Mountains, the Lesser Khingan Mountains (North
of NEC) and Changbai Mountains (East of NEC). Coniferous, broad-leaved and mixed needle forests dominate in
this area.

FIGURE 4 - CV value for GIMMS and MODIS for the time period
2001-2006.

(Fig. 4) for NEC and are also strongly linked with vegetation type for the NEC area (Fig. 2).
The relationship between GIMMS and MODIS datasets in the NEC study area with different r values are presented for varying vegetation types (Fig. 5a). High r values
(r≥0.9, P<0.05) between GIMMS and MODIS datasets
contain approximately 98.1% pixels relate to water or partially wet areas and cities in the NEC, Low r values (r< 0.5,
P<0.05) contain only 0.2% (Fig. 5b). The regional mean
coefficient of determination for the entire NEC area is
0.965. GIMMS data explain more than 99.8% of the variance with the MODIS data for the high correlation areas in
the NEC, and less than 0.2% for the low correlation areas.

FIGURE 5 - The correlation coefficient and difference between
GIMMS and MODIS for the period 2001 to 2006. (a) Correlation coefficient (r); (b) difference of mean monthly NDVI: <GIMMS> <MODIS>
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less than -0.01 and are located most frequently in the northeastern of NEC with tree cover. 0.17% pixels in NEC have
pixels with values of more than 0.01 difference. Results
demonstrate a small difference for the two datasets in the
NEC areas (Fig. 5b).
GIMMS and MODIS trends (Ordinary Least Squares
(OLS) slope) exhibit a similar spatial pattern and near agreement (The mean difference of the OLS slope between
GIMMS and MODIS for the entire NEC is -0.000114, Fig. 6.)
The GIMMS and MODIS datasets express effective
compatibility in the NEC areas, especially in the vegetated
areas. The correlation between the datasets is higher for high
NDVI value regions as opposed to low NDVI regions.
Trends for both the GIMMS and MODIS datasets maintain
a similar temporal trend and spatial pattern, indicating that
the S-G filter retains superior consistency for these datasets.
3.2 Comparison of the correlation coefficient for GIMMS and
MODIS at different pixel sizes

Twelve regions of interest (ROI’s) have been selected
in the NEC study area, to enable the analysis of the relationship between the MODIS and GIMMS datasets for different pixel sizes (Fig. 2). A series of buffers for the ROI’s
ranging from 4 to 64 km were used to compute correlation
coefficients between the GIMMS and MODIS datasets
(Table 1 and Fig. 7). A distinction appeared for ROI 5 and
ROI 9. When the buffer is less than 12 and 24 km, the correlation coefficient drops below 0.9. Land classification
mapping illustrates the areas of ROI 5 and ROI 9 as urbanized or with bare ground where vegetation cove fraction is
very low, clearly having an impact on the regression results
(Fig. 7 and Table 1). Yet other remaining ROI’s demonstrate
a correlation coefficient larger than 92% for all buffer sizes.
As the pixel size is increased to 3, the correlation coefficient
simultaneously increases about 1%. When the pixel size
continued to increase, no significant increases in correlation coefficient occurs since apparently a saturation level is
reached.
3.3 Time series analysis

FIGURE 6 - NDVI trends for GIMMS and MODIS for the 2001-2006
time period (expressed by the slope of the linear trend calculated using the ordinary least squares (OLS) approach)

The spatial -pattern of the correlation coefficient is
similar to the coefficient of variation (CV) of monthly
NDVI values. Regions with a CV<30% match approximately with regions having an r< 0.9. Regions with a
higher CV (>70%) demonstrate higher r values (>0.98).
The correlation coefficient between GIMMS and MODIS
data is generally higher for vegetation with a high correlation coefficient and high CV and vice versa.
Different values for most pixels between MODIS and
AVHRR range between-0.01 and 0.01. 98.16% pixels in
NEC demonstrate agreement in the period of overlap 20012006. 1.66% pixels in NEC have a difference with pixels

Average annual NDVI values <NDVI>a are calculated
from NGM (New dataset by integrating GIMMS and
MODIS data), GIMMS and MODIS datasets in the study
area from 1982 to 2013 (Fig. 8). Three NDVI temporal profiles averaged for NEC, elicit effective consistency, specifically for trends and interannual variability. The NGM
NDVI computed for the analysis period illustrates the fluctuation characteristics consistent and strong uniform behaviour comparison to the GIMMS NDVI. The NGM
NDVI values are closer to the MODIS NDVI than the original GIMMS NDVI values. The GIMMS dataset particularly shows NDVI values lower than the two other datasets.
MODIS is in alignment with the NGM dataset for the
2001–2013 period. All datasets show lower NDVI values
than the average NDVI value during the 2000 and 2003
drought, and higher NDVI values than the average NDVI
value for the year 1990.
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FIGURE 7 - Correlation coefficients between the GIMMS and MODIS datasets for different pixel sizes. The legend indicates the 12 different
ROI’s.

TABLE 1 - Correlation coefficients between the GIMMS and MODIS datasets for different pixel sizes
The Number of Pixels
Buffer
ROI

4
1

8
3

12
7

16
12

24
26

32
49

40
72

48
113

56
156

64
202

#1

0.96

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

#2

0.98

0.98

0.98

0.99

0.99

0.99

0.99

0.99

0.99

0.99

#3

0.97

0.97

0.96

0.97

0.97

0.97

0.97

0.97

0.97

0.97

#4

0.93

0.92

0.94

0.96

0.97

0.98

0.98
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FIGURE 8 - Annual average NDVI time series for the NEC region
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3.4 Seasonal vegetation cycles

The three datasets NDVI average and trends were
computed for each month over the whole study area for
GIMMS in 1982-2006, for MODIS in 2001-2013, for
NMG in 1982-2013 and 1982-2000, respectively. NDVI
average patterns were the same in different months and appeared over the NEC region for all three datasets (Fig. 9a).
Same values were exhibited by the NGM dataset at two periods as GIMMS and MODIS for all months.

ties to previous research [8]. The spatial distribution of the
NDVI trends indicate that vegetation varies between
0.0289 units/year (increasing trend) to -0.0063 units/year
(decreasing trend) for the 1982 to 2013 period for the full
NEC area (Fig. 10). The NGM NDVI trends for NEC are
positive and significant. Positive patterns are observed over
southern Liaoning, central NEC and eastern NEC (Fig. 10).
Negative trends prevail in the north of NEC. Highly contrasting patterns were observed for the Liaoning and Heilongjiang Provinces (Fig. 10). Increasing trends higher
than 0.002/year are dispersed mainly in the Great Khingan
Mountains and Changbai Mountains. Positive NDVI trends
occur in the Hulun Buir Plateau, Songnen Plain and Liaohe
Plain (Fig. 10).

FIGURE 10 - NGM NDVI trends from 1982 to 2013 over the Northeast of China region.
3.6 The New GIMMS-MODIS datasets and climatic parameters
FIGURE 9 - The average (a) and the trend (b) of the NDVI for the
full NEC and for each month of the year for different time periods.

Three NDVI monthly datasets trends have been computed for different periods (Fig. 9b). The NGM dataset for
the 1982-2013 and 1982-2000 periods share the same positive and negative trends in the GIMMS dataset for these
two periods. The MODIS NDVI during the 2001 and 2013
period does not show positive trends for the same months
(Fig. 9b), while the positive trend appears in May, June and
July, and the negative trends appears in April, August and
December (Fig. 9b).
3.5 Spatial trends and distribution patterns of the NGM NDVI

We apply the ordinary least squares method to calculate
the NDVI trend with results eliciting considerable similari-

3.6.1 The trends of NDVI and the climatic variables temperature and precipitation sum

The average NDVI, temperature (Fig. 11 a) and sum of
precipitation (Fig. 11 b) are calculated for all sites to analyze
the annual NDVI and precipitation/temperature variation
over the past 32 years. NDVI trends indicate a slightly rising
pattern (P = 0.14) but the relationship between NDVI and
precipitation do not show a significant correlation for the period of 32 years. Temperature exhibits an increasing trend
from 1982 - 2007, deviating from the original trend in the
2008-2013 period. The relationship between the NDVI and
temperature exhibits a relatively high correlation coefficient
(r = 0.36, P <0.05) in the study area. Precipitation however
exhibits no significant trend from 1982 to 1998, but eliciting
clear correlation trends (r=0.76, P<0.01) from 1999 to 2013.
Clearly alterations in temperature and precipitation trends
are reflected by NDVI changes.
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FIGURE 11 - Interannual variability of NDVI and climate for the NEC from 1982 to 2013

FIGURE 12 - The NDVI variation over NEC during the period 1982-2013

High NDVI levels occur when temperature and precipitation are high (1984, 1993, and 2000). Similar variation
characteristics occur with low precipitation and temperature years (i.e., 1990, 1994). The variation of the NDVI is
weak, when temperature and precipitation trends are different. It is shown form these result that both temperature
and precipitation do influence the NDVI, the effect becoming weak when the two datasets have an opposite trend.
3.6.2 The effect of climate factors on the NDVI from 1982 to
2013

Figure 12 illustrates average yearly temperatures and
annual precipitation anomalies observed for NEC from
1982 to 2013. Low NDVI values occur for the year 1983,

1984, 1993, 2000 and 2009 while high NDVI values occur
in 1990, 2002, 2008 and 2012.
NDVI response to local climatic anomalies are assessed by classifying each year into four climate categories
based on yearly temperature and annual precipitation:
Warm-wet, Cool-wet, Warm-dry and Cool-dry as illustrated in (Fig. 13). The results indicate that low NDVI values are observed in cool dry years and high NDVI values
are observed in warm dry and warm wet years. Exceptionally cool-dry years occurred in 1983, 1984, 1988, 1992,
1993, 1996 and 2000. Warm-wet years occurred in 1990,
1994, 1995 and 2003. Low NDVI followed in years 1983,
1984, 1993 and 2000, and a high NDVI occurred in 1990,
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2002, 2008 and 2012. Low NDVI values correlate with
cool-dry temperature/precipitation conditions since as all
low NDVI years appeared in cool dry years with the exception of 2009 (mid-level temperature/precipitation points).
The warm-wet and warm-dry climatic conditions occur in
1990, 2002, 2008 with high NDVI values appearing in
these periods. Temperature is indicated as a superior factor
in foresting vegetation growth while, with sufficient rainfall as in 2012, vegetation growth is also evidently influenced strongly by precipitation.

results showed AVHRR NDVI and SPOT-VGT NDVI had
a fine consistency in the tall vegetation coverage area, the
SPOT-VGT NDVI values are higher than AVHRR NDVI
values of high vegetation coverage area, the AVHRR
NDVI values are higher than SPOT-VGT NDVI value in
low vegetation coverage area (such as the desert). The results of this study show the highest correlation coefficient
in forest area, and the low correlation in the bare land and
low-density grass. Song et al. [31] analysis can be seen in
the correlation between GIMMS and SPOT-VGT NDVI is
higher with increasing NDVI in different months. Consequently, both GIMMS datasets and SPOT Vegetation datasets can be utilized to combine GIMMS data to obtain
long-term time series of data sets. The vegetation types of
high NDVI values (such as forests) or the time periods of
high NDVI values (such as summer) plays an important
role to improve the accuracy, the precision is low in the
region of the lower NDVI value area (such as the desert) or
time period (such as winter). Therefore, the vegetation coverage density and time period was taken into consideration
when the different datasets were combined to get a longterm time series datasets. This study had a valid reference
for combining long-term time series datasets from multiple
data sources in agriculture and ecological environment
monitoring.

4. CONCLUSIONS

FIGURE 13 - Local climatic anomalies of NEC from 1982 to 2013.
3.7 Comparison of this study with previous studies

Previous studies were just trying to combine data from
different remote sensing data sources to establish a consistent long-term series datasets [3, 4, 29-31]. Steven et al.
[3] use different sensor datasets to calibrate vegetation indices and found that they have a strong correlation.
AVHRR GIMMS NDVI time series products were evaluated by Fensholt et al. [30] using SPOT-4 vegetation data
for the African continent. Swinnen et al. [4] extended the
SPOT-VEGETATION NDVI Time Series (1998-2006)
back in time with NOAA-AVHRR Data (1985-1998) for
Southern Africa. Song et al. [31] compared and converted
the AVHRR GIMMS and SPOT-VEGETATION NDVI
data in China, and achieved a good result. In order to check
the differences and consistency of these study results, we
compared our results with Song study [31]. Song et al. [31]
results showed the GIMMS and SPOT-VGT datasets have
high consistency in the Lesser Khingan Mountains, the
Greater Khingan Mountains and the Changbai Mountains.
Our results showed a high correlation in the same area, but
the central plain of NEC has low correlation (Fig. 5 a).
Song et al. [31] studies showed GIMMS and SPOT-VGT
had similar trends in the spatial distribution, but with some
differences in the magnitude of the linear trend. The results
of the study show the difference of spatial distribution between GIMMS and MODIS trends was not significant, but
the magnitude of positive trends on MODIS data is slightly
larger than the GIMMS (Fig. 6 a and b). Song et al. [31]

Compatibility of GIMMS and MODIS datasets are
evaluated in this study to derive a long-term series NDVI
dataset. Two datasets have been compared using a mean
NDVI, CV, and trend behaviour for the period of overlap
2001-2006. Results indicate that temporal trends of
GIMMS NDVI are similar with these of the MODIS
NDVI. The spatial distribution of significant positive and
negative trends corresponds for the complete NEC study
area and the correlation between the two datasets is significant for all pixels (P<0.05).
Accuracy assessments of the GIMMS and MODIS
NDVI together have been performed in this study. A comparison of the GIMMS and MODIS datasets for the period
of overlap reveal a strong correlation for the complete NEC
area study. Areas with a higher CV (≥ 30%) and a higher
mean NDVI generally exhibit clear cut correlations. The
two datasets are also found to exhibit consistency for
NDVI variation and trends in the period of overlap 20012006. Integration of the two datasets for long-term data series analysis of vegetation related to the NDVI - climate
relationship analysis demonstrates favorable attributes for
a functional application.
The spatial distribution of NDVI trends in the NEC
area align with positive and negative NDVI trends. Larger
trend discrepancies between the two datasets occur in nonvegetated areas, indicating that the GIMMS and MODIS
NDVI data are more compatible for the vegetated portions
of NEC.
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Development of a regional long-term series NDVI
product was pursued by analyzing AVHRR and MODIS
data for consistency using the ordinary least squares
method to calculate NDVI trends in the NEC region. Integration of the GIMMS and MODIS datasets to produce
long-term series from 1982 to 2013 was perused and tested.
The variability of vegetation elicited a relationship with the
NDVI and the precipitation and temperature in NEC. Results show that the integration of two datasets with different processing histories make it possible to extend in time,
NDVI time series data applications. The same method can
be used for other regional or continental scale applications
or other products, such as the NPP, LAI and other bio-geophysical variables to establish extend time series datasets.
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ABSTRACT
Removal of arsenic from drinking water has been investigated by newly synthesized kaolin supported metallic
nanocomposites. After optimization of time and amount of
adsorbent, Langmuir, Freundlich and D-R isotherms have
been plotted to determine the different parameters for the assessment of arsenic adsorption. All the samples have been
characterized by Scanning Electron Microscopy (SEM) and
X-ray diffraction techniques to investigate the morphology,
pore size and crystal structure of nanocomposites. The newly
synthesized nanocomposites show better efficiency for the
removal of arsenic with the adsorption capacity 8.13 mg/g.
Kinetics of the adsorption has been calculated by using first
order and second order rate equations. The adsorption data
clearly shows that adsorption follows second order kinetics.
KEYWORDS:
Arsenic removal, adsorption, nanocomposites

1. INTRODUCTION
Arsenic is a commonly occurring toxic metal in natural
ecosystem. Its presence in natural water may originate from
volcanic emission, geographical reaction, industrial waste
discharge and agricultural use of pesticides. It is usually
found either as arsenite or arsenate [1]. Both organic and inorganic forms of As are found in natural environment [2].
The natural climate contributes approximately 40,000 tons
of arsenic to the global environment per year while human
activities release twice of this amount [3]. Arsenic is omnipresent with atomic number 33, at twentieth number in naturally occurrence, 12th in human body and 14thin sea water.
About 5x10-5% arsenic is present in earth's crust. In most
rocks arsenic concentration ranges from 0.5 to 2.5 mg/kg,
* Corresponding author

although high proportions are present in the sediments and
fine grain phosphites [4,5]. The arsenic problem is distinct
in rural areas around the world where groundwater is the
main drinking water source [6]. This causes nearly 100 million people to be infected [7]. Drinking impure water for a
long time causes cancer of liver, kidneys, lungs and bladder. It also causes thickening of skin, muscles weakness,
brain disorders and nausea [8,9]. To reduce these health risks
World Health Organization (WHO) has recommended strict
limits for arsenic concentration in drinking water i.e. 10 ppb.
Various countries adopt this limit as a standard of common
drinking water [10]. For the removal of arsenic from impure
water, different technologies are accessible including lime
softening, precipitation or coagulation process, ion exchange,
hydroponic technique, hybrid metal oxide, adsorption and
membrane separation [11-21]. Functionalized graphene
sheets and magnetite-graphene hybrid have also been used
for this purpose [22, 23]. Adsorption has advantages over
such orthodox procedures, as it is very easy process and
have prospective of transformation without the ejection of
sludge [24]. Zinc oxide nanoparticles have also been found
more effective to remove arsenic and sulfur from water as
compared to bulk zinc oxide which cannot absorb arsenic.
This is because of much larger surface area of nanoparticles than bulk materials [25,26].
In present work a novel adsorbent has been synthesized
by coating kaolin with zinc nanoparticles stabilized with polyvinyl alcohol. Newly synthesized adsorbent is used for the
effective removal of arsenic from drinking water.

2. MATERIALS AND METHODS
ZnCl2.4H2O, AgNO3, N2H4 were purchased from Fluka;
ethanol, methanol, FeCl2.4H2O, FeSO4.4H2O and polyvinyl
alcohol from Merck, NaBH4 from Sigma-Aldrich and kaolin
was purchased locally. All chemicals except kaolin were of
analytical grade and were used without further purification
for the synthesis of adsorbents. Deionized water was used
for reagent preparation and sample dilution.
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2.1 Synthesis of metallic nanocomposites

3. RESULTS AND DISCUSSION

Solution of ZnCl2.4H2O (0.01 M) was prepared in deionized water. Aqueous solution of polyvinyl alcohol was
prepared by dissolving PVA (1g) in deionized water (100
ml). Solutions of ZnCl2.4H2O (100 ml) and polyvinyl alcohol (100 ml) were mixed together and kept it in an oven at
80 oC for 1h. Then kaolin (10 g) was added to the solution
and stirred on a magnetic stirrer for 1h in order to get the
solution adsorbed on kaolin. Hydrazine (1ml) was then
added to the solution to reduce zinc ions. The solution was
filtered by using Whatman filter papers to separate kaolin
supported zinc nanocomposites. The nanocomposites were
washed with methanol (3x25 ml) and dried at room temperature.

3.1 Characterization of zinc nanocomposites

To investigate the structure and pore size of sample,
SEM images were obtained at different magnifications
(Fig. 1). The porosity and interspaces were observed at
high resolution. The porosity of this sample was high with
abundant macro, meso and micropores. The particle size
was found to be greater than 5.0µm. The adsorbing ability
of this synthesized adsorbent was different from its initial
sorbent. The synthesized adsorbent shows two types of adsorption mechanism, i.e. the adsorption in between the interstices and adsorption into the pores, thus increasing the
overall adsorption capacity [27].

2.2 Arsenic determination

Concentration of arsenic was determined by volumetric analysis. In this method potassium permanganate was
used as titrant. Potassium permanganate solution (0.02M)
was prepared by dissolving KMnO4 (3.2 g) in deionized
water (1 liter). The solution was heated till boiling and kept
it hot for1h. The solution was then covered with aluminum
foil and let it to stand overnight. Glass wool was used to
filter the solution and stored in clean brown glass bottle.
The solution was kept in dark place to prevent light. Pure
arsenic trioxide (0.20 g) was dissolved in sodium hydroxide (3M, 10 ml) and then hydrochloric acid solution (3M)
was added to neutralize the solution and diluted with deionized water (50 ml). One drop of KIO3 solution (2 mM)
was added to arsenic solution and titrated against potassium permanganate solution until the appearance of first
permanent pink color. The standard and unknown solutions
were titrated on the same day.
2.3 Optimization of time, amount of adsorbent and adsorbate
concentration

Optimum time for maximum adsorption was determined by using synthesized adsorbent (1g) and 0.006M arsenic solution for different time intervals. Maximum adsorption took place after 30 min. To determine optimum
amount of adsorbent, 0.006M arsenic solution was stirred
with different amounts of adsorbent (0.2 -1.6 g) for 30 min
with stirring. The optimum amount of adsorbent was one
gram for maximum adsorption. To determine the amount
of adsorption for different concentrations of adsorbate, arsenic solutions of different known concentrations (6, 8, 10,
12 and 14 mM were prepared by following the above procedure and treated with synthesized adsorbent. The arsenic
solution (25 ml each) and synthesized adsorbent (1g) were
stirred for 30 minutes on a magnetic stirrer. The solutions
were filtered and filtrate was titrated against potassium permanganate solution after adding 1 drop of 2 mM KIO3 solution until the appearance of first permanent pink color.
Adsorption of arsenic was calculated by the change in concentration of the As2O3 solution.

FIGURE 1 - SEM images of synthesized adsorbent at three different
resolutions.

The X-ray diffraction is most versatile technique for
the characterization of the diffractions planes in the crystalline solids. The angle of diffraction actually refers to the
fringe spacing observed in transmission electron microscopy (TEM). The X-ray diffraction pattern of M-A-7
shown in (Fig. 2) taken in range between (10º -80º) shows
different diffraction peaks. The figure shows all peaks are
well resolved and hardly there is any overlapping of peaks.
The corresponding peaks at angle 21.28º, 26.85º, 29.57º,
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FIGURE 2 - XRD pattern of synthesized adsorbent M.A-7
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FIGURE 3 - Freundlich isotherm for the adsorption of As (III) on M.A-7

and 39.77º are same as in pure kaolin that is calculated by
using Schere Calculator. The presence of these mentioned
peaks confirm the presence of Koalin in the sample. The
presence of koalin is further confirmed by increase in dspacing. The increase in the d-spacing is the indicative for
the incorporation of nanoparticles of zinc in the pure kaolin
and in fact responsible for the adsorption of the adsorbate.
3.2 Freundlich Isotherm

Different parameters have been observed during adsorption of arsenic with 1g adsorbent and 30 min dosage
time. Fruendlich model is used to explain the adsorption
features of the heterogeneous surface. The linear form of
this model is described as follows:

ln

ln

ln

adsorbent (mg/g) at equilibrium. In adsorption process, KF
represents the adsorption capacity and 1/n represents the adsorption intensity. Plot of ln Ce versus ln qe for the synthesized
adsorbent is shown in Fig 3 and values of constants (KF & n)
are determined from the slope and the intercept (Table 1).
3.3 Langmuir Isotherm

Langmuir adsorption model explains that molecules
are adsorbed at a fixed number of well defined localized
sites to form a monolayer of adsorbate on the adsorbent.
All sites are energetically equal and there is no interaction
between the adsorbed molecules present on the neighboring sites [28]. The linear equation of this adsorption model
is described as

.

(1)

Where Ce is the equilibrium concentration of adsorbate
(mg/L) and qe is the adsorbed concentration per gram of the

(2)

By plotting the graph between Ce against Ce /qe, the
Langmuir constant aL and KL are determined from slope
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and intercept respectively (Table 1). Langmuir adsorption
isotherm plot for M.A-7 adsorbent is shown in the Fig
4.The adsorption capacity qm in the Langmuir isothermcan
be determined as the inverse of the slope.

Xm are calculated from the slope and intercept (Table 1).
Following equation is used to calculate the mean sorption
energy.
(7)

(3)
The equilibrium parameter RL which is dimensionless
seperation factor can be derived from Langmuir isotherm.
(4)
The value of RL lies between 0.285 and 0.482 which
indicates the favorable conditions of adsorption on the synthesized adsorbent [29,30].

The values of KDR, Xm & E are given in the Table 1.
These values indicate that adsorption process is to be of
physical nature because the energy (E) is less than 8
kJ/mol.
3.5 Kinetics of adsorption

To justify the kinetics of adsorption, first and second
order equations were applied to the experimental data. The
rate equation of first and second order is given as:

3.4 DR-Isotherm

ln

The equation of Dubinin–Radushkevich adsorption
model is described as

ln

ln

ϵ

ln 1

ϵ

(5)

]

(6)

In this equation KDR is adsorption potential constant
and Xm is the monolayer capacity of the adsorbent. By plotting lnqe versus ϵ2 (Fig.5), the values of constants KDR and

ln

(8)
(9)

The rate constant k1 and k2 are calculated from experimental data by plotting ln (qe- qt) versus t and t/qt versus t
for first and second order equations respectively (Table 2)
[31]. Better correlation coefficient (R2) value indicates that
As (III) adsorption on the synthesized adsorbent more
likely follows pseudo-second order kinetic model (Fig. 6).

0,0064
0,0062

y = 0,1235x + 0,0053
R² = 0,9897

Ce/qe

0,006
0,0058
0,0056
0,0054
0,0052
0

0,002

0,004

0,006

0,008

0,01

Ce
FIGURE 4 - Langmuir isotherm for the adsorption of As(III) on M.A-7

TABLE 1 - Adsorption isotherms for adsorption of As(III) on the surface of M.A-7
Freundlich Parameters
n
16.13

KF
mg/g
65.3

Langmuir Parameters

DubininRudshkevish Parameters

R2

qm

KL

aL

RL

R2

KDR

0.956

8.13

200

24.6

0.743-0.871

0.989

8x10-6
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Xm
mg/g
54.16

E
kJ/mol
-7.9

R2
0.931

ln qe
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3,92
3,9
3,88
3,86
3,84
3,82
3,8
3,78
3,76
3,74
3,72
3,7

y = ‐0,0088x + 3,9922
R² = 0,9315

0
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20
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35

ε2x10-3
FIGURE 5 - D-R isotherm for the adsorption of As(III) on M.A-7.
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FIGURE 6 - Plot for second order kinetic model for the adsorption of As(III) on M.A-7.

TABLE 2 - Kinetic measurement for adsorption of As(111) on the surface of M.A-7
First Order

Second Order
2

qe(exp) mg/g

qe(cal) mg/g

R

k1

qe(exp) mg/g

qe(cal) mg/g

R2

k2

0.166

0.106

0.518

-0.001

0.166

0.214

0.969

0.0145

4. CONCLUSIONS
We have reported the synthesis of ZnO nanoparticles
coated kaolin nanocomposite (M.A-7) which is found to be
an effective for the removal of arsenic from drinking water.
SEM characterization shows that M.A-7 is highly porous
and has void spaces in between the structure. XRD pattern

shows that d-spacing value of the synthesized adsorbent is
highly increased which indicates that nanoparticles of zinc
were incorporated into the kaolin. Adsorption data is well
described by the Langmuir, Freundlich and DR adsorption
models. The value of ‘n’ in Freundlich model shows that
adsorption process is favorable where Langmuir model explains that there is formation of monolayer of the adsorbate
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molecule on the solid surface. The mean sorption energy
value, calculated from Dubinin-Rudshkevish adsorption
isotherm model, was found to be less than 8 kJ/mol that
indicates physical nature of the adsorption process. The adsorption of arsenic on the synthesized adsorbent follows
pseudo-second order kinetics indicating that internal and
external mass transfer are taking place simultaneously.
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ALLELOPATHIC INHIBITION EFFECT OF FOUR AQUATIC
MACROPHYTES ON Microcystis aeruginosa GROWTH
Ying Shan, Zhengfang Wang , Xingzhang Luo* and Zheng Zheng
Department of Environmental Science and Engineering, Fudan University, Shanghai 200433, China.

ABSTRACT
This work aims to identify adequate species, tissues,
pretreatments and allelochemicals to inhibit algal growth.
Physiological indexes were investigated to explore the
mechanism underlying allelopathic effect. Results demonstrated that Microcystis aeruginosa growth could be suppressed by the four tested aquatic macrophytes, namely emergent Oenanthe javanica, Iris pseudacorus, Canna indica,
and submerged Potamogeton crispus. The leaves were
responsible for releasing anti-algal inhibitors. Leaf extracts
of I. pseudacorus inhibited M. aeruginosa by 76.60% after
11 d. Pretreatments influenced the release of inhibitors.
The inhibition rate of I. pseudacorus leaf extracts collected
by water bath heating was 55.20% higher than that of fresh
leaves. Furthermore, rare algal growth was observed after
5 d of exposure to I. pseudacorus and C. indica culture water. The allelochemicals in tissue extracts could inhibit the
synthesis of chlorophyll a (Chl-a) and enhance the activity
of superoxide dismutase (SOD), thus affecting algal growth.
The highest removal rates of Chl-a was 78.83%. SOD activities were triggered 2 times by leaf extracts than the control.
Besides, SOD activity may be impaired by the excessive algal damage. The results suggest that the major allelochemicals in I. pseudacorus culture water were identified to be
aromatic compounds, including dimethyl phthalate, ethyl
phthalate, phthalic acid, dibutyl phthalate, and 3-nitrophthalic acid.
KEY WORDS: Microcystis aeruginosa; aquatic macrophytes; allelopathic inhibition; allelochemical identification

1. INTRODUCTION
Eutrophication has been a worldwide environmental
threat in recent decades. The frequent occurrence of cyanobacteria bloom worsens freshwater ecosystem [1,2]. Microcystis aeruginosa (M. aeruginosa) is a common freshwater cyanobacterium that can severely degrade water
quality through microcystin accumulation, hypoxia, noxious odor emission, and destruction of aquatic biological
* Corresponding author

function [3-5]. Global warming and eutrophication, accompanied by abundant toxic Microcystis cells and microcystin accumulation promote cyanobacterial blooms [6].
Therefore, the inhibition of M. aeruginosa growth is an urgent step to restore aquatic ecosystems. Compared with
physical and chemical approaches, biological methods are
more environmental friendly and effective. An example of
these biological methods is the use of allelopathic inhibition
of aquatic macrophytes to control harmful algal blooms
[4,7,8]. Common aquatic macrophyte species that have
been observed to effectively control the growth of M. aeruginosa include Thalia dealbata [9], Chara vulgaris [10],
Vallisneria denseserrulata [11], Myriophyllum spicatum
[12], Pistia stratiotes Linn [13], Hydrilla verticillata and
Vallisneria spiralis [14]. The anti-algal effect of aquatic
macrophytes has been proven, but the mechanism of allelopathic inhibition remains a hot issue.
Allelopathy is a natural phenomenon in aquatic ecosystems, and a potential ecological model for sustainable development [15]. Allelochemicals released by aquatic macrophytes can destroy the ultrastructure of algal cells, inhibit algal photosynthesis through chlorophyll a (Chl-a) destruction
and photosystem II suppression, induce antioxidant enzyme
system responses, and affect respiration and protein synthesis. These phenomena lead to algal growth inhibition or even
death [16,17]. Extracts from M. spicatum can significantly
inhibit the photosynthetic capacity of M. aeruginosa [12].
Allelochemicals isolated from Phragmites communis also
show strong inhibition activity on the growth of M. aeruginosa. The activity of superoxide dismutase (SOD) in M.
aeruginosa cells is increased under oxidative conditions
[18]. However, the anti-algal activity considerably varies
depending on species and tissues. Meanwhile, different
pretreatments of aquatic macrophytes may provide different conditions for allelochemical release [19]. Identifying
sensitive target sites could reveal the mechanism underlying allelopathic effect [20].
Aquatic macrophytes control M. aeruginosa growth by
releasing allelochemicals [21]. The reported allelochemicals
are mainly bioactive compounds, including polyphenols, fatty
acids, terpenoids, polyethers and benzene derivatives [22-24].
Ethyl 2-methyl acetoacetate extracted from P. communis and
salicylic acid from rice straw can inhibit M. aeruginosa
growth [25]. Meanwhile, N-phenyl-2-naphthylamine from
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Eichhirnia crasslpes can induce damage to C. vulgaris [26].
Allelochemicals are gradually released into water by macrophytes. The analysis of compounds in culture water of
aquatic macrophytes could help identify anti-algal allelochemicals. Adding allelochemicals into waters to control
nuisance algal growth is a reliable measure.
The present work selected four aquatic macrophyte
species, namely emergent Oenanthe javanica (O. javanica), Iris pseudacorus (I. pseudacorus), Canna indica (C.
indica), and submerged Potamogeton crispus (P. crispus)
and compared the inhibition effects of different tissues with
two pretreatments on the growth of M. aeruginosa. Data
about biomass, Chl-a content, and SOD activity were obtained. Finally, the allelochemicals isolated from I.
pseudacorus culture water were identified by gas chromatography-mass spectrometry (GC-MS). This research has
the following major objectives: (1) to compare the inhibition effects of different aquatic macrophytes on M. aeruginosa growth; (2) to reveal the anti-algal effects of different tissues and pretreatments for aquatic macrophytes; (3)
to investigate the mechanism underlying allelopathic effect
by analyzing physiological indexes; and (4) to identify the
allelochemicals released by I. pseudacorus. The results of
this study could serve as a basis to optimize aquatic macrophytes, and inhibitor-rich tissue for harmful algal control, and to help develop effective biological algicides for
Microcystis bloom management.

2. MATERIALS AND METHODS
2.1 Materials

M. aeruginosa was originally obtained from the Institute of Hydrobiology, the Chinese Academy of Sciences
and inoculated to a modified BG11 nutrient solution [27]
under sterile conditions. M. aeruginosa cultures were grown
in a light incubator (Yiheng Technical Co. Ltd) at 25±1℃
with a fluorescence intensity of 2000 lux and a 12:12 h light–
dark cycle. The cultures were manually shaken twice daily.
The number of M. aeruginosa cells was counted using a hemocytometer under a light microscope (Olympus, Japan).
Healthy plants of four aquatic macrophyte species (O.
javanica, I. pseudacorus, C. indica, and P. crispus) were obtained from Shanghai Aide Garden Greening Co.Ltd. and
planted in nutrient medium for 2 months. Mature and fresh
tissues were selected for the experiments. The roots, stems,
and leaves were washed with tap water and distilled water.
To explore the effect of pretreatments of aquatic macrophytes on the anti-algal activity, tissue extracts prepared
by water bath heating and fresh tissues disinfected by 10%
Ca(ClO)2 solution were used to co-culture with M. aeruginosa.

fresh leaves, stems, and roots of four aquatic macrophytes
were cut into pieces smaller than 5 mm × 5 mm. After blending, 10 g of separated plant pieces was boiled in 100 mL of
distilled water for 2 h. After cooling, the solution was cooled
and then filtered through a glass-fibre filter (Whatman GF/C).
The filtrate volume was then adjusted to 100 mL by distilled
water. An 8 mL aliquot of extracts was added to 150 mL
of autoclaved BG11 medium in 250 mL flasks and then
inoculated with concentrated algal cells at a density of
3.0×106 cells/mL. All flasks were placed in the light incubator and shaken twice daily. Untreated M. aeruginosa
cells at a density of 3.0×106 cells/mL served as a control.
2.3 Anti-algal effect of fresh aquatic macrophyte tissues on M.
aeruginosa growth

Fresh leaves, stems, and roots of the four aquatic macrophytes (10 g) were cut into pieces smaller than 5 mm × 5 mm,
disinfected in 10% Ca(ClO)2 solution for 15 min, washed
four times with distilled water. Leaves, stems, and roots were
added to 150 mL of autoclaved BG11 medium in 250 mL
flasks and then inoculated with concentrated algal cells at a
density of 3.0×106 cells/mL. The following steps were the
same as those for extract preparation.
2.4 Anti-algal effect of culture water of aquatic macrophytes
on M. aeruginosa growth

The four tested aquatic macrophytes were planted in
the 10% Hoagland medium for 35 d in natural environment. Culture water was filtered through a medium-speed
paper and microporous membrane (0.45 μm). The filtrate
(100 mL) was added to 50 mL of autoclaved BG11 medium
in 250 mL flasks, and then placed in the light incubator.
The flask containing 100 mL of filtered distilled water and
50 mL of BG11 culture served as a control.
2.5 Measurement of M. aeruginosa growth

M. aeruginosa biomass was quantified by using a hemocytometer measurement under a light microscope
(Olympus, Japan).
Specific growth rate (μ) was calculated following the
equation (1).
(1)
where, Xt (cells/mL) represents the algal cell density
on day t, and X0 (cells/mL) represents the algal cell density
on day 1.
Inflection point (tp) was determined by using logistic
equation, and tp was calculated as indicated in Eq. (2).
tp

(2)

where, the slope r and intercept a were obtained by
least squares regression analysis using ln [(K − Xt)/Xt] as y
and time t as x.

2.2 Anti-algal effect of aquatic macrophyte tissue extracts on
M. aeruginosa growth

2.6 Physiological assays

Plant extracts were prepared following the method described by Ball [28], with slight modifications. Prepared

Changes in Chl-a, and SOD were assessed to determine the physiological effect of M. aeruginosa. Chl-a con-
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tent was tested following the method of Yang [25]. SOD
was assayed in accordance with the National standards of
China (GB/T5009.171-2003). One unit of SOD activity is
defined as the amount of enzyme that inhibited 50% of pyrogallol autoxidation (Eq. 3). The reaction mixture contained
1.5 mL of PBS solution (0.05 mol/L, pH 7.6), 2.4 mL of
Tris-HCl solution (0.1 mol/L), 0.1 mL of pyrogallol solution
(4 mmol/L), and 0.5 mL of enzyme extracts for a total volume of 4.5 mL. The absorbance of the mixture was recorded
at 325nm and again after 1min. Distilled water was used as
a control to measure the autoxidation rate of pyrogallol.
SOD activity was calculated as indicated in Eq. (3).
SOD U/mL

%
%

4.5

(3)

where, Δ
is the pyrogallol autoxidation rate,
is the sample-inhibited pyrogallol autoxidation rate,
Δ
V is the sample volume(mL), and D is the dilution time.

dica, and P. crispus were 25.67%, 29.33%, 24.47%, and
15.67%, respectively. The maximum IRs of O. javanica
and C. indica root extracts were 33.10% and 20.68% on
day 11. However, M. aeruginosa growth was significantly
affected by the leaf extracts. After 7 d, the cell density
started to decrease. The maximum IRs of the leaf extracts
from I. pseudacorus and C. indica reached 76.60 % on day
13 and 75.52% on day 11, respectively (Fig. 1a). The IRs
of O.javanica leaf extracts were 12.52%, 24.47%, and
56.96% after 3, 7, and 11 d of culture, respectively. Meanwhile, the inhibition effect of P. crispus was imperceptible,
with slight differences between the leaves and the stems
(Fig. 1b). These results agree with the results of Chen [19]
that most aquatic macrophytes exhibit anti-algal inhibition,
and that leaf tissues are a potent inhibitor producer.
35
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I. pseudacorus (stem)
I. pseudacorus (leaf)
C. indica (root)
C. indica (stem)
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2.7 Identification of allelochemicals

6

The I. pseudacorus culture water was used to identify
the allelochemicals released by the aquatic macrophytes. I.
pseudacorus was cultured in 10L of 10 fold-diluted of
BG11 medium for 35 d at room temperature. Then, the culture water was filtered through a medium-speed paper and
a microporous membrane (0.45μm). A 5L aliquot of the
filtrate was boiled in a rotary evaporator at 80℃ and then
concentrated to 5 mL. The concentrated liquor was extracted thrice with ethyl acetate. The extract was evaporated to 2 mL for subsequent analysis. Finally, the active
substance dissolved in ethyl acetate was analyzed through
GC-MS. The oven temperature of the gas chromatograph
was initially held at 50℃ for 2 min and then gradually increased to 260℃ with 5℃/min. The temperature of both
injector and detector was set at 280℃. The result was collected and analyzed using MSD ChemStation E. 02 with
Wiley mass spectral library data.
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2.8 Statistical analysis

The data is expressed as mean±standard deviation
(S.D.). Significant differences between data sets were detected by one-way analysis of variance (ANOVA). Results
were considered significant at a P-level < 0.05.
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FIGURE 1 - Anti-algal effects of different aquatic macrophyte tissue
extracts on the growth of M. aeruginosa

3. RESULTS AND DISCUSSION
3.1 Anti-algal effect of different aquatic macrophyte tissue extracts on M. aeruginosa growth

The inhibition effects of tissue extracts from the four
aquatic macrophytes are shown in Fig. 1. No evident difference in M. aeruginosa biomass was detected between
the treatments and the control at the initial stage. The stem
extracts showed weak anti-algal effects, with the cell density reaching nearly the same level as the control at the end
of the experiment. The maximum inhibiting ratio (IRs) of
the stem extracts from O. javanica, I. pseudacorus, C. in-

Measurement results on algal biomass, growth rate,
and growth inflexion could serve as a basis for the comparison of anti-algal effects. The maximum algal biomass (K),
specific growth rate (μ) and inflection point (tp) of M. aeruginosa treated with different tissue extracts from the four
aquatic macrophytes are shown in Table 1. The M. aeruginosa samples treated with the leaf extracts showed the
earliest inflection point, lowest specific growth rate and
maximum biomass among all the tested samples. The inflection point of M. aeruginosa treated with the leaf extracts of I. pseudacorus and C. indica appeared after 1.0
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TABLE 1 - The maximum algal biomass (K), reflection point (tp) and
specific growth rate (μ) of M. aeruginosa treated with different tissue
extracts of the four aquatic macrophyates

Control
O. javanica
I. pseudacorus
C. indica
P. crispus

root
stem
leaf
root
stem
leaf
root
stem
leaf
stem
leaf

tp(d)

μ (day-1)

4.5
2.9
4.5
2.2
4.6
4.4
1.0
5.4
5.1
0.7
4.9
4.0

0.20
0.17
0.19
0.12
0.19
0.18
0.10
0.18
0.20
0.07
0.19
0.16

CK
O. javanica root extracts
O. javanica root
C. indica root extracts
C. indica root
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3.2 Anti-algal effect of aquatic macrophytes with different pretreatments on M. aeruginosa growth

M. aeruginosa cultured with tissue extracts prepared
by water bath heating and fresh tissues disinfected by 10%
Ca(ClO)2 were compared to assess the influence of different pretreatments on the anti-algal effect of the aquatic
macrophytes. As indicated in Fig. 2, tissue extracts and fresh
tissues suppressed the growth of M. aeruginosa, while the
inhibition effects varied with prolonged culture time. Fresh
O. javanica and C. indica roots showed weak inhibition effect, and the cell density of M. aeruginosa was higher than
that of the control at the end of the experiment. However,
the IR of O. javanica root extracts gradually increased to
44.00% after 9 d of culture. The maximum IR of C. indica
root extracts was 26.04% at day 9.The cell density of M.
aeruginosa cultured with fresh I. pseudacorus stems was
higher than that of the control, reaching 3.74 × 107 cells/mL.
However, the inhibition effect of I. pseudacorus stem extracts increased after 3 d and reached 29.33% on day 9.
Both of the pretreatments for P. crispus stem showed weak
inhibition effect. The fresh O. javanica leaves exhibited no
clear inhibition effects. The growth curve dropped after 7 d
of treatment with 0.53% O. javanica leaf extracts. The growth
of M. aeruginosa was two times higher by treatment with

25
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Anti-algal effect of aquatic macrophytes is the result
of chemicals released by macrophyte tissues [29, 30]. That
is, the species and contents of chemicals released by the four
aquatic macrophytes were different. The utility of emergent
macrophytes I. pseudacorus and C. indica to control M. aeruginosa growth was more feasible than that of submerged
macrophytes P. crispus. In addition, the leaves were responsible for releasing allelochemicals that inhibit growth; hence,
the leaves exhibited higher anti-algal effects than the roots
and the stems.

6
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and 0.7 d, respectively, suggesting that M. aeruginosa
growth was significantly suppressed. Conversely, M. aeruginosa treated with the stem extracts showed later growth
inflection, appearing after 4.5, 4.4, 5.1, and 4.9 d. Overall,
the aquatic macrophytes inhibited the growth of M. aeruginosa, as evidenced by the early growth inflection point,
low specific growth rate and maximum biomass.
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FIGURE 2 - Anti-algal effects of aquatic macrophyte tissues with different pretreatments on the growth of M. aeruginosa (a: root; b: stem;
c: leaf)

fresh leaves than by treatment with the leaf extracts. The
maximum IR of the most potent I. pseudacorus leaf extracts (76.59%) was 55.20% higher than that of fresh
leaves. Some of the fresh tissues even accelerated the
growth of M. aeruginosa.
The extracts of the four aquatic macrophytes showed
stronger anti-algal activity than fresh tissues. The inhibitory effect revealed at high allelochemical concentration.
Chemicals at low concentration could even promote algal
growth [31]. This result indicates that the tissues released
more inhibitors by water bath heating than that of fresh tissues. Thus, pretreatments such as mechanical grinding and
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water bath heating are necessary to create a suitable condition for the release of algal inhibitors. As previously noted,
fresh plants disinfected by Ca(ClO)2 or decaying tissues
showed minimal or no anti-algal activity[19]. However, the
anti-algal effect of E. crassipes culture water after autoclaving decreased significantly. Thus, the properties of
chemicals released by aquatic macrophytes are different. It
is important to reveal the components and characteristics
of algal inhibitors to choose appropriate pretreatments for
macrophytes.
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Culture water of aquatic macrophytes was used to investigate the cumulative anti-algal effects among different
macrophytes. As shown in Fig. 3, the growth of M. aeruginosa was significantly suppressed by the culture water of
I. pseudacorus or C. indica. The cell density of M. aeruginosa sharply declined on day 3 and almost exhausted on
day 5. By contrast, the cell density of M. aeruginosa in the
control increased nearly 18 times on day 13. The inhibition
effect of O. javanica was stronger than that of submerged
P. crispus. This result agrees with the previous demonstration that P. crispus exerts no allelopathic activity on microalgae [11].
Allelochemicals in aquatic macrophyte tissues were
gradually released into water. The different inhibitory effects may be due to different allelochemicals released by
the four aquatic macrophytes [32]. As can be seen from the
above results, under the same growing condition, effective
allelochemicals accumulated more in I. pseudacorus and
C. indica growing system.
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FIGURE 4 - Effects of tissue extracts of aquatic macrophyte on Chla contents in M. aeruginosa cells (a: root extracts; b: stem extracts; c:
leaf extracts)
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FIGURE 3 - Anti-algal effects of culture water of different aquatic
macrophytes on the growth of M. aeruginosa
3.4 Effects of aquatic macrophytes on Chl-a contents in M. aeruginosa

Physiological changes in M. aeruginosa were investigated to explain the mechanism underlying allelopathic effect and its sensitive target sites. Chl-a content, and SOD
activity in M. aeruginosa were tested.
The photosynthesis system supports the strong vitality
of cyanobacteria. The effects of tissue extracts of the four

aquatic macrophytes on Chl-a content in M. aeruginosa
cells are shown in Fig. 4. The Chl-a content of the control
initially decreased and then developed well, reaching 6.53
mg/L at the end of the experiment. In the treatments of root
extracts (Fig. 4a), O. javanica revealed strong inhibition
effect. The maximum removal efficiency was 38.51% on
day 9. However, the Chl-a content in M. aeruginosa cells
treated with C. indica was higher than the control after day
11. The cell density of M. aeruginosa co-cultured with C.
indica root extracts was higher than the control as well. The
result indicates that the low concentration of allelochemicals in C. indica root extracts could accelerate the synthesis
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whose accumulation leads to cellular disorder and damage
[34]. Conversely, SOD could block the damage induced by
ROS accumulation [35]. As shown in Fig. 6, the SOD activity in the control maintained a low level in the initial 7 d,
suggesting that the growth of M. aeruginosa did not receive
external environmental stress. The SOD activity in the control started to increase on day 7. This increase in SOD activity may be considered as the shading effect caused by the
numerous increase of algal biomass. However, SOD activities were significantly enhanced after treated with tissue
extracts of the four aquatic macrophytes. After 7 d of exposure, the SOD activities of M. aeruginosa treated with
45
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C. indica

40
35

SOD activity (U/mL)

of Chl-a and algal growth. The inhibition effects of stem
extracts (Fig. 4b) were minimal, in accordance with the cell
density. The Chl-a contents in M. aeruginosa cells on day
13 treated with O. javanica, I. pseudacorus, C. indica, and
P. crispus stem extracts were 6.97, 5.48, 5.46, and 5.59
mg/L, respectively. In the presence of leaf extracts (Fig.
4c), Chl-a content continuously increased and then peaked
on day 7. The growth mass obviously declined after 7 d of
exposure to the leaf extracts from I. pseudacorus and C.
indica. The removal efficiencies of I. pseudacorus and C.
indica were 78.83% and 75.16%, respectively. Chl-a concentration increased after 9 d of the treatments by O. javanica and P. crispus. The inhibition effects of O. javanica and
P. crispus were negligible, as evidenced by the minimal effect on cell density.
The inhibition effect of culture water of the four aquatic
macrophytes on Chl-a content in M. aeruginosa cells are
shown in Fig. 5. The Chl-a content of the control developed well during the experiment, reaching 13.19 mg/L on
day 11. The effect of P.crispus was minimal, Chl-a content kept rising, reaching 11.58 mg/L on day 11. Culture
water of I. pseudacorus and C. indica showed significant
impact. Chl-a content began to decline after 3 d, and maintained below 1 mg/L.
Comparing the inhibition effects of tissue extracts and
culture water of the four aquatic macrophytes, the synthesis
of chlorophyll a was significantly inhibited by leaf extracts
and culture water of I. pseudacorus and C. indica. The variation trend of Chl-a content was consistent with the cell density. The results indicated that allelochemicals in certain concentration released by aquatic macrophytes could restrain
photosynthesis in M. aeruginosa cells, thereby affecting algal growth. Previous studies also demonstrated that aquatic
macrophytes and some allelochemicals affect chlorophyll a
synthesis in algal cells. Photosynthetic activity is one of the
target sites attacked by allelopathic effects [20,33].

30
25
20
15
10
5
0

2

3

4

5

6

7

8

9

10

11

12

9

10

11

12

9

10

11

12

Culture time (d)
40
CK

b

O. javanica
I. pseudacorus
C. indica
P. crispus

35
30

SOD activity (U/mL)

© by PSP Volume 24 – No 11b. 2015

25
20
15
10
5

14
0

CK
O. javanica
I. pseudacorus
C. indica
P. crispus

10

2

40

8
6
4
2
0
4

4

5

6

7

8

6

8

10

12

Culture time (d)

The antioxidative enzymes in M. aeruginosa cells play
important roles against reactive oxygen species (ROS),
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FIGURE 5 - Effects of culture water of aquatic macrophytes on Chla contents in M. aeruginosa cells
3.5 Effects of aquatic macrophytes on SOD activities in M. aeruginosa
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FIGURE 6 - Effects of tissue extracts of aquatic macrophyte on SOD
activity in M. aeruginosa cells (a: root extracts; b: stem extracts; c:
leaf extracts)
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the leaf extracts from O. javanica , I. pseudacorus, C. indica,
and P. crispus (Fig. 6c) were 2.9, 2.2, 2.3, and 2.1 times
higher than those of the control-treated sample, respectively.
Under the stress of allelochemicals released by aquatic macrophytes, excessive ROS accumulated in M. aeruginosa
cells. Thus, SOD activity was enhanced to remove ROS and
protect algal cells. At the end of the experiment, the SOD
activities decreased by 55.12% and 25.89% after treated
with I. pseudacorus and C. indica, respectively. This result
was probably induced by the damage of algal cells. In the
treatments of root extracts (Fig. 6a), the SOD activities were
also enhanced, then decreased on day 9. At the end of the
experiment, the SOD activities were 10.38, and 10.55 U/mL
in the treatments of O. javanica and I. pseudacorus. The
SOD activities in the treatments of stem extracts (Fig. 6b)
did not decline during the experiment, keeping the similar
level with the control.
In general, the SOD activities were triggered in the algal cells treated with the tissue extracts from the four

aquatic macrophytes, compared with those in the cells
treated with the control. The allelochemicals influenced the
antioxidative enzyme system in M. aeruginosa. In particular, the SOD activities in the samples treated with the leaf
extracts from I. pseudacorus and C. indica, and root extracts
from O. javanica and I. pseudacorus did not restore after
11 d of exposure. This result implies that these species exhibited strong inhibition effects. As mentioned earlier, the
ROS level gradually increased in the algal cells under stress.
The activated signal system can increase the activities of
antioxidative enzymes and substances [36]. Excess ROS
accumulation would attack the activated signal system and
reduce SOD activity [37].
3.6 Identification of anti-algal allelochemicals from I. pseudacorus culture water

Fifteen compounds were detected in the I. pseudacorus
culture water. The major relevant components of allelopathic compounds are shown in Table 2. Aromatic compounds

TABLE 2 - Major components obtained from GC-MS analysis of I. pseudacorus culture water
Number

Retention time

Compound

Structure

1

9.75

Dimethyl phthalate

2

10.89

Ethyl phthalate

3

13.75

Phthalic acid

4

14.56

Dibutyl phthalate

5

18.04

3-Nitrophthalic acid
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were the principal components. These compounds include
dimethyl phthalate, ethyl phthalate, phthalic acid, dibutyl
phthalate, and 3-nitrophthalic acid. The anti-algal allelochemicals reported in the literature include aliphatic compounds, fatty acids, polyphenols, phenolic acids, terpenoids, and aromatic compounds [38]. Previous studies [39]
reported that dibutyl phthalate extracted from H. verticillata-cultured liquor inhibits M. aeruginosa growth. The
main allelochemicals in different aquatic macrophytes and
their effects warrant further investigation.
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ABSTRACT

1. INTRODUCTION

Nano-Gro is a preparation which contains oligosaccharide granules saturated with metal sulphates (Fe, Co, Al,
Mg, Mn, Ni and Ag) in nanomolar concentrations. Application of Nano-Gro on plants activates its anti-stress defense mechanisms, resulting in positive effect on growth
and development of plants and increasing their yields.
However, the studies conducted on the family Fabaceae
are few and ambiguous. This study reports the effects of
Nano-Gro on yield components and antioxidant properties
of Phaseolus vulgaris L. of Toska cultivar. Different modes
of application of Nano-Gro were experimented. The combination of seed soaking and in-season single spraying of plants
advantageously influenced the bean yield components, increasing the number and weight of grains and the number of
pods (an increase by 10.2, 9.2, and 6.8% respectively in
comparison to control). The highest weight of thousand
grains was found when double spraying (twice in-season applications) was used. All variants of Nano-Gro applications
caused a significant increase in total phenolics and anthocyanins contents. The best results were reported in case of
double spraying (in comparison to control increases of about
10% and 38% were found respectively). Flavonoids content
was increased effectively by a combination of seed soaking
and single spraying (an increase by 11% in comparison to
control). The average increase of antiradical activity was
about 5–6%. An increase of reducing potential was also obtained by double spraying. According to this study NanoGro should be recommended in modern agriculture as a
preparation aiming to improve the yield and nutraceutical
quality of common bean.

KEYWORDS: antioxidant properties, bean, Phaseolus vulgaris,
Nano-Gro, phenolics, yield

* Corresponding author

Over the past years there has been an increasing interest in agro-products modification at each stage of its cultivation, such as plant breeding, technological processes,
and conditions of product storage. In the research over the
years agro-homeopathy has demonstrated that application
on plants of preparations with ultralow contents of elements
positively affect the growth and development of plants [1,
2]. In crops, growth stimulators are used, e.g., Kelpak SL
(seaweed extracts) [3-7], Bio-algeen (seaweed extracts) [8]
and Asahi SL (natural plant components) [8, 9] which positively effects on increasing photosynthesis, improving water management and content of organic and mineral components, which resulted in better yields. Many authors have
reported that plant yields, including that of the family Fabaceae, are dependent on macro- and micronutrients fertilization [10-13]. Nano-Gro is a plant stimulator, which
consists of oligosaccharide granules saturated with metal
sulphates (Fe, Co, Al, Mg, Mn, Ni and Ag) in nanomolar
concentrations. Application of Nano-Gro on plants activates its anti-stress defense mechanisms, resulting in positive effects on growth and development of plants, increasing their yield, viability, and improving their resistance to
diseases [14, 15]. However, the studies conducted on family Fabaceae are few and ambiguous.
As a response to variable environmental conditions,
plants modify their metabolism, adjusting to existing conditions, which allow modification of their composition [1618]. Besides the positive effect of agro-homeopathy on
plant yielding, there are also some studies showing that
such treatments significantly affected nutraceutical quality
of the product. It is suggested that preparations such as
Nano-Gro act as elicitors and their action is linked with overproduction of phenolic compounds [19,20]. Such an increase
in phenolics level and the resulting elevation of antioxidant
capacity have already been found [21-23]. Knowing that
polyphenols are a group of compounds with well-documented antioxidant, antitumor, and anti-inflammatory abilities [24, 25], these studies are important. In these studies,
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for the first time, the positive effects linked with improving
plant yields were related to potential changes in the
nutraceutical quality of common bean. The effectiveness of
different ways of Nano-Gro application on the abovementioned characteristics of common bean was studied (regardless of the presence of stress factors) and are presented
in this paper.

tion in kg of nutrient per hectare was as follows: 30 kg
N·ha-1, 60 kg P·ha-1, 120 kg K·ha-1. It was not used pesticides (pests do not exceed the thresholds of harmfulness).
Average temperature and rainfall during the growing season of common beans are presented in Table 1.
2.3 Plant yielding and vigor determination

The number and weight of grains, the number of pods,
and the weight of thousand grains were recorded. Additionally, phenolics content (total phenolics, flavonoids, and anthocyanins) and antioxidant capacity (radical scavenging
capacity and reducing power) were determined.

2. MATERIALS AND METHODS
2.1 Chemicals

ABTS (2,2`-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), potassium ferricyanide, Folin–Ciocalteau reagent were purchased from Sigma–Aldrich (St. Louis, MO,
USA) company. All others chemicals were of analytical
grade.
2.2 Plant material

The study was carried out in 2012 and 2013 in the
Perespa (50º66’N; 23º63’E) on the experimental field of Institute of Agricultural Sciences of The State School of
Higher Education in Chełm, Poland. It was located on
brown rendzinas soil, alkaline (pH in 1M KCl – 7.4-7.5)
and rich in phosphorus, potassium, and magnesium. The
experiment was established in a randomized block design
in four replications with an elementary experimental plot
area of 4.5 m2 (1.35 × 3.33 m). Bean seeds of cultivar
Toska were sown in the first 10-day period of May at a
depth of 3–4 cm, with spacing of drills at 45 cm, to achieve
the density of 30 plants per 1 m2. The bean crop was harvested in the second 10-day period of August. Nano-Gro
was applied following four different variant modalities
with Nano-Gro. First was by seeds soaking (30 seconds of
seeds soaking in a Nano-Gro solution at a dose of one
granule per 1 dm3 of water), second was a combination of
seeds soaking and single spraying of plants with a solution
of Nano-Gro (one granule per 20 dm3 of water) in the 2–3
leaves stage, third was single spraying alone and fourth was
double spraying of plants (first in the 2–3 leaves stage and
second at the beginning of the bean’s blooming). It was applied with a battery sprayer GARLAND FUM 12B field
sprayer (Lecher LU 120-03) at a pressure of 0.30 MPa,
using 300 dm3 of liquid per hectare. The four different variants of treatment were compared to the control, where none
Nano-Gro preparation was applied. Tillage for bean was
done using good agricultural practices. Mineral fertiliza-

2.4 Phenolics and antioxidant capacity determination
2.4.1 Extracts preparation

Bean flours (0.25 g in triplicate) were extracted three
times with 4 cm3 of acetone/water/ hydrochloric acid (70:29:1,
v/v/v) [26]. After centrifugation (10 min, 8000 rpm (6800 rcf))
fractions were collected, combined, and used for further analysis.
2.4.2 Phenolics determination

Determination of total phenolic compounds. The amount
of total phenolic compounds (TPC) was determined using
Folin-Ciocalteau reagent [27]. 0.5 cm3 H2O and 2 cm3 FolinCiocalteau reagent (1:5 H2O) were added to 0.5 cm3 of the
sample, and after 3 min, 10 cm3 of 10% Na2CO3 was added
and the contents were mixed and allowed to stand for 30 min.
Absorption at 725 nm was measured in a UV-Vis spectrophotometer. TPC was calculated as a gallic acid equivalent
(GAE) in milligram per gram of dry weight (DW).
Determination of flavonoids content. Total flavonoids
content (TFC) was determined according to the method described by Lamaison et al. [28]. One milliliter of extract
was mixed with 1 cm3 of 2% AlCl3 × 6H2O solution (in
methanol) and incubated at room temperature for 10 min.
Thereafter, absorbance at 430 nm was measured. TFC was
calculated as a quercetin equivalent (QE) in milligram per
gram of dry weight.
Determination of anthocyanins content. Anthocyanin
contents were measured by the pH differential method described by Fuleki et al. [29]. Sample extracts were combined in a 1:20 ratio (v:v) with potassium chloride and with
sodium acetate buffers (pH 1.0 and 4.5, respectively) in
separate vessels. After an equilibration period of 15 min.,
the raw absorbance of each solution was measured at 533

TABLE 1 - Temperature (ºC) and rainfall (mm) during the vegetation seasons of common bean.

Months
V
VI
VII
VIII
Average/Total

Years
2012
Temperature (min/max)
16.1 (0.5/28.7)
16.2 (7.8/31.2)
21.6 (7.3/33.4)
18.2 (6.9/31.6)
18.0

Rainfall
90.2
101.3
79.6
85.7
356.8
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2013
Temperature (min/max)
15.9 (6.3/26.0)
17.9 (8.8/29.6)
20.4 (12.1/31.2)
18.9 (6.8/33.4)
18.3

Rainfall
116.6
77.3
88.3
112.6
394.8
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and 700 nm. A corrected absorbance value was calculated
as [(A520 – A700) pH 1.0 – (A520 – A700) pH 4.5]. The
anthocyanin content was calculated using the molar absorptivity (є) and molecular weights (MW) of cyanidin 3glucoside (є = 26,900; MW = 449.2). Results are expressed
as cyanidin 3-glucoside equivalents (Cy3-GE) in milligram
per gram of dry weight.

upper layer of the solution (2.5 cm3) was mixed with distilled water (2.5 cm3) and 0.5 cm3 of 0.1% FeCl3 and the
absorbance was measured at 700 nm. Increased absorbance
of the reaction mixture indicated increase in reducing
power. Reducing power was expressed as a Trolox equivalent in milligram per gram of dry weight.
2.5 Statistical analysis

2.4.3 Antioxidant activities

Antiradical activity. The experiments were performed
using an improved ABTS decolorization assay [30]. The
ABTS radical cation (ABTS+) was generated by oxidation
of ABTS with potassium persulfate. ABTS+ was obtained
by reacting 7 mM stock solution of ABTS with 2.45 mM
potassium persulphate (final concentration) and allowing
the mixture to stand in the dark for at least 6 h at room
temperature prior to use. The ABTS+ solution was diluted
to an absorbance of 0.7 ± 0.05 at 734 nm (Lambda 40 UVVis spectrophotometer, Perkin Elmer). The affinity of test
material to quench ABTS free radical was evaluated according to the following equation:
scavenging % = [(AC – AA) / AC] × 100%
where, AC is the absorbance of control and AA is the absorbance of the sample. Free radical scavenging ability was
expressed as a Trolox equivalent in milligram per gram of
dry weight.
Reducing power. Reducing power (RP) was determined by the method proposed by Pulido et al. [31]. Analyzed sample (2.5 cm3) was mixed with phosphate buffer
(2.5 cm3, 200 mM, pH 6.6) and potassium ferricyanide
K3[Fe(CN6)] (2.5 cm3, 1%). The mixture was incubated at
50oC for 20 min. Reactions were stopped with 0.5 cm3 10%
TCA and centrifuged for 10 min, 8000 rpm (6800 rcf). The

The Shapiro-Wilk test was performed for the normal
distribution of data. The analysis of variance, ANOVA,
was used to analyze results and to compare the five treatments of the trials for both experimental years. The significance of differences between mean values of studied variables was estimated using Tukey's test intervals of confidence at the significance level of P ≤ 0.05.

3. RESULTS
3.1 Effects on grain yield and related variables

Nano-Gro activates the cell’s defensive mechanism,
which manifests itself by producing proteins and growth
stimulators what affects metabolic processes and the growth
of plants. The studies showed that the application ways of
Nano-Gro significantly affect the stimulation of plant’s defense mechanisms. Some application ways of Nano-Gro significantly improved the weight of grains of common bean
while compared to control. All studies showed an increase
in the number and weight of seeds. In the year 2012, there
was no significant increase in the number of seeds. In the
year 2013 and also for both years together 2012 and 2013,
the highest number of grains (a significant increase by
12.7% and 10.2%, respectively, in comparison to control)
was found for beans obtained by seeds soaking combined
with single spraying (Table 2). Satisfactory results were also

TABLE 2 - Yield parameters of grains of common bean (Phaseolus vulgaris L.) affected by various application methods of Nano-Gro.
Year of cultivation
2012
2013
C
623±16a
651±9a
SS
633±37a
709±24b
Number of grains
SS + SSp
671±23a
734±36b
-2
[No m ]
SSp
644±40a
719±17b
DS
664±30a
700±32ab
C
305.1±11.5a
328.9±14.3a
SS
315.0±19.0ab
342.4±10.3ab
Weight of grains
SS + SSp
333.3±11.7ab
359.2±20.3b
[g m-2]
SSp
313.2±15.4ab
338.6±13.0ab
DS
338.6±8.1b
343.9±7.1ab
C
176±5a
190±3a
SS
184±5ab
197±4a
Number of pods
SS + SSp
194±6b
197±6a
-2
[No m ]
SSp
183±7ab
201±7a
DS
185±4ab
194±5a
C
480.9±11.1a
503.6±14.7a
SS
485.2±5.8a
497.7±5.5a
Weight of thousand grains
SS + SSp
497.0±8.2ab
504.3±9.4a
[g]
SSp
484.2±5.5a
494.4±10.1a
DS
502.6±6.9b
509.2±11.8a
C: control; SS: soaking seeds; SS + SSp: soaking seeds + single spraying; SSp : single spraying; DS: double spraying; Means
small letters are significantly different within one of presented parameters of yield at α = 0.05.
Parameters

Application method
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2012and 2013
637.3±19.0a
671.0±49.6 ab
702.2±44.0b
681.9±49.1ab
682.0±34.3ab
317.0±24.2 a
328.7±27.5ab
346.2±27.0b
325.9±25.1ab
341.3 ab
183.1±8.7a
190.5±7.5 ab
195.5±5.8 b
191.9±11.4 ab
189.8±6.3ab
492.3±17.1ab
491.5±8.5ab
500.7±9.1ab
489.3±9.3a
505.9±9.6b
followed by different
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obtained by seeds soaking and single spraying in the year
2013 (a significant increase by 8.9% and 10.4% in comparison
to control, respectively). Experimental treatments, such as
seeds soaking combined with single spraying, were also characterized by significantly increased grain weight in the year
2013 and for both years 2012–2013 considered together (a
significant increase by 9.2% in comparison to control). Satisfactory results were also obtained by double spraying of
bean plants (in the year 2012, an increase by about 11% in
comparison to control). Application of Nano-Gro also di-

versified the number of pods. The best results (a significant
increase by 10.2% and 6.8% in the years 2012 and 2012–
2013 combined, respectively, in comparison to control)
were found for bean plants obtained by seeds soaking combined with spraying. In the year 2013, there was no significant increase in the number of pods. Most importantly the
average weight of thousand seeds was most effectively increased by double spraying (a significant increase of 4.5% in
the year 2012 in comparison to control and of 3.4% in 2012–
2013, in comparison to single spraying).

TABLE 3 - Grain phenolics contents (total phenols, flavonoids and anthocyanins) of common bean (Phaseolus vulgaris L.) as affected by NanoGro various application methods
Year of cultivation
2012
2013
2012–2013
C
23.2±0.21a
22.9±0.03a
23.1±0.21a
SS
24.5±0.16c
24.1±0.01b
24.3±0.25bc
Total phenols
SS + SSp
25.3±0.03d
24.4±0.08bc
24.8±0.55cd
[mg g DW-1]
SSp
25.3±0.57cde
23.3±0.19a
24.3±1.19abcd
DS
26.0±0.26e
25.2±0.01d
25.6±0.51cde
C
1.15±0.04b
1.19±0.03b
1.17±0.04b
SS
1.33±0.01d
1.09±0.01a
1.21±0.14abcd
Flavonoids
SS + SSp
1.28±0.01c
1.32±0.00c
1.30±0.02c
[mg g DW-1]
SSp
1.26±0.01c
1.06±0.01a
1.16±0.12abc
DS
1.27±0.03cd
1.03±0.03a
1.15±0.14abcd
C
0.073±0.004a
0.073±0.004a
0.073±0.004a
SS
0.107±0.005 a
0.096±0.005a
0.102±0.006a
Anthocyanins
SS + SSp
0.096±0.005 a
0.102±0.005a
0.099±0.003a
[mg g DW-1]
SSp
0.110±0.005 a
0.091±0.005a
0.100±0.011a
DS
0.090±0.004 a
0.112±0.006a
0.101±0.013a
C: control; SS: soaking seeds; SS + SSp: soaking seeds + single spraying; SSp : single spraying; DS: double spraying; DW: dry weight. Means, concerning individual compounds, followed by different small letters are significantly different at α = 0.05.
Compounds

Application method

Control
Soaking seeds + single spraying
Double spraying

Soaking seeds
Single spraying

A

10
d

9

Reducing power
[mg Trolox/ g DW]

8
7

bc

c

ab
a

ab ab
a

b

cd

bc
abc

a

a

a

6
5
4
3
2
1
0
2012

2013
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Control
Soaking seeds + single spraying
Double spraying
6
a

e de bc bcde

bcde

Soaking seeds
Single spraying

b bcd c bc

abcd

B
bcde

cde

bc bcd

Radical scavenging capacity
[mg Trolox/ g DW]

5
4
3
2
1
0
2012

2013

2012-2013

FIGURE 1 - Antioxidant capacity of common bean grains (Phaseolus vulgaris L.) affected by different methods of application of Nano-Gro.
A. Mean reducing potential ;B. Mean radical scavenging ability. Means affected by different letters are significantly different at α = 0.05.

3.2 Effects on grain phenolic contents and antioxidant activity

The application of Nano-Gro in common bean cultivation affected grain phenolics content and antioxidant activity. All variants of Nano-Gro applications caused an increase in total grain phenols and anthocyanins contents in
comparison to control (Table 3).
The best results were found for double Nano-Gro
spraying (in the years 2012 and 2013 in comparison to control with an increase of 10% and 38%, respectively). Flavonoids content was most effectively increased by combination of seed soaking and single spraying (11% in comparison to control). Surprisingly, total flavonoids content
was reduced by single and double spraying; however, the
reduction did not exceed 2%. An inductive effect of NanoGro on phenolic compounds overproduction was most conspicuously visible for anthocyanins. An increase of total
phenolic compounds was linked with a subsequent elevation of antioxidant capacity (Fig.1). In the year 2012, antiradical activity of beans was significantly increased due to
all the modifications in growth (12–14% in comparison to
control). The average increase for the years 2012–2013
was about 5–6%. An increase of reducing potential was obtained by double spraying (by 10% in comparison to control). Other studied Nano-Gro application methods caused
a decrease in reducing potential.

4. DISCUSSION
In literature, there are only some reports describing the
effect of biopreparations on plant yields and their nutritional and nutraceutical quality. Foliar application of seaweed extract of Ecklonia maxima increases the yield of
plants from the Fabaceae family like bean and lupine [4,5].
Similar results were observed in case of Kappaphycus alvarezii extract, which caused a significant increase in soybean yields [32]. Moreover, application of seaweed extract
of Ecklonia maxima or Sargassum wightii increases yields
of other plants like maize, wheat, triticale, barley, and potatoes [4,33]. Nitrophenol compounds naturally occurring
in the plants are components of Asahi SL biostimulator,
which has a positive effect on the yield of bean, soybean,
wheat, barley, rape and sweet basil [8, 34, 35]. Foliar application of Tytanit, a mineral growth stimulator containing titanium, positively influences the yield of tomato,
raspberry, and yellow lupine [36-38]. There are also some
reports concerning an increase of pulses vigor after biostimulators treatment. In the study of Aydin et al. [39],
treatments with humic acids in saline soils were associated
with reduced soil electrical conductivity and reduced leakage of proline from bean plants, effects which were related
to their tolerance to the saline conditions. In addition, treatments of broad bean with fulvic acids resulted in an increase of plants tolerance against Pb [40]. Results showed
that fulvic acids at low concentrations complexed toxic free
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Pb2+ as well as at high concentrations reduced Pb uptake
and toxicity. However, the mechanism of Nano-Gro action
is not determined, and it may be suggested that similar to
other studies involving application of elicitors, the plant response is multilevel and may be translated into further increase in plant vigor [20].
In spite of the fact that the plant was initially forced to
spend energy, finally the changes seem to be valuable. This
statement is partially supported by studies of Janas [14],
where a resistance to diseases and adverse climatic conditions after Nano-Gro treatments were found. A few authors
also studied the effect of Nano-Gro on plant yields. The
presowing bioconditioning of arugula (Eruca sativa Miller) seeds with Nano-Gro resulted in an increase of yield,
plant vigor, and resistance to diseases and adverse climatic
conditions [14]. The results of this study on common bean
are in agreement with results obtained in similar studies,
where Nano-Gro treatments significantly increased yields
components.

5. CONCLUSION
The use of Nano-Gro improved the yield and nutraceutical potential of common bean; however, the final effect
was strongly determined by the way in which the biopreparation was applied. The highest increase of bean yield was
obtained by seed soaking combined with single spraying. In
comparison to control, plants obtained in this variant of cultivation were characterized by increased number of pods and
an increase in number and weight of seeds. Application of
Nano-Gro in bean cultivation also improved phenolic compounds content and in some cases antioxidant capacity of
obtained seeds. According to this study, Nano-Gro may be
recommended in modern agriculture as a preparation
which significantly improves yield and nutraceutical quality of common bean.

The results concerning the phenolic compounds and
antioxidant capacity also confirm the inductive effect of
Nano-Gro treatments. Previously, seaweed extracts elevated the endogenous concentrations of stress-related molecules, such as cytokinins, proline, antioxidants, and antioxidant enzymes in treated plants [41]. An increase of carbohydrate, total phenolics, capsaicin, and carotenoids content and increased antioxidant activity was also determined
in pepper fruit after fulvic acid treatment [42]. Also Fan et
al. [43] observed increases in total soluble protein content,
antioxidant capacity, phenols, and flavonoid content in
spinach treated with brown algal extracts. Plant response to
elicitors is inter alia linked with overproduction of phenolics compounds acting as antioxidants, signaling compounds and cell wall precursors. In this study Nano-Gro
treatments caused a significant increase in phenolics compounds; however, it should be noted that the final effect
was strongly determined by the way in which the biopreparation was applied. Increase in plant content of phenolic
compounds is usually correlated with a subsequent increase of their antioxidant capacity [24] however, in this
study such effect was obtained only for double spraying,
where beans were characterized by significantly enhanced
reductive potential. According to Fujita et al. [20] it may
be suggested that phenolic compounds are used to reinforce
the cell walls and/or are “consumed” by polyphenols oxidase (enzymes involved in enzymatic stress response)
[17,19]. So far there are no studies concerning the effect of
biostimulators treatment on bioavailability and bioaccessibility of nutrients; however, it may be speculated that high
levels of phenolic compounds may reduce their digestibility [44]. In the light of mentioned above facts further studies are needed to determine the relationship between phenolics, antioxidant capacity and nutritional value of beans
treated with Nano-Gro.
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ABSTRACT
Oscillating balance method was employed to study the
adsorption behavior of Acetaminophen (APAP) onto sediment and its kinetic and thermodynamic properties with the
presence of Humic Acid Colloid (HA). The results showed
that the equilibrium time of the APAP adsorption onto sediment with the existence of HA was 12 h, while it was 24 h
without HA, which indicated that adding HA can accelerate
the APAP adsorption onto sediment. The adsorption kinetics were found to follow the pseudo-first-order kinetics
model. Langmuir and Freundlich model can preferably describe the isothermal adsorption process of APAP onto sediment under different concentrations of HA. But Langmuir
model fitted better, and four kinds of error function values
were smaller. Thermodynamics results showed that the
APAP adsorption onto sediment was spontaneous, endothermic and entropy-increasing. The value of ΔGο of adsorption
process remained negative with HA, but the absolute value
increased, indicating that it tended to chemisorptions. With
the presence of HA, the change of pH impacted on APAP
adsorption onto sediment sharply. The adsorption quantity
of APAP onto sediment was larger when pH was 6.0-9.0,
while decreased at PH < 6.0 or PH > 9.0. This could be
caused by Van Der Waals Force and electrostatic adsorption.

KEYWORDS: Acetaminophen (APAP), Humic Acid Colloid (HA),
Adsorption, sediment

1. INTRODUCTION
It was reported that the concentration of Acetaminophen
(APAP) detected in natural water bodies can reach to 6-65
μg/L, and 10μg/L in drinking water. In addition, more toxic
substances generated in the process of chlorine disinfection,
so APAP was getting more and more attention [1-3].
* Corresponding author

During the procedure of supplying underground water
from polluted surface water (mainly river water), river sediment is the important medium which influences waters
and solutes transportation. The adsorption characteristics
of pollutants onto river sediment directly influence transportation behaviors from surface layer downward. In a certain time, sediment is to adsorb and detain pollutants onto
sediment layers so as to just let waters get through, preventing the underground water from polluting [4, 5]. The
persistence of this function is directly relevant to the adsorption characteristics of pollutants onto sediment. Therefore, the adsorption characteristics of pollutants onto river
sediment have caused widespread attention in the world.
Some scholars have studied the adsorption of polycyclic
aromatic hydrocarbons [6], florfenicol [7] etc. onto different kinds of sediments in recent years. Our group has studied the adsorption behaviors of oxytetracycline onto sediment [8]. However, the adsorption is a complex physical
and chemical process. Only the adsorption of organic pollutants in soil, the main influence factors included particle
size [9], the type of the soil [10], iron and aluminum oxide
[11], organic content [12], cationic type [13], etc. Thus, it
has an important scientific significance for adsorption process of APAP onto sediment to research these factors.
Humic Acid Colloid (HA) as relatively stable composition component and high-content in the organic matter,
exists widely in the sediment and natural water, which contains several functional groups, such as carboxyl, hydroxyl
of alcohol, phenol hydroxyl and ketene hydroxyl. HA has
acidity, hydrophilic, ion exchange and complexing power
and high adsorption ability [14-16]. It also can interact with
a lot of organic and inorganic substances [17-20]. Studies
have shown that the HA was the key factor for absorption
of organic pollutants on the humic substances [21]. Some researchers have shown that HA played an important role for
the adsorption of polycyclic aromatic hydrocarbons (PAH)
[15, 22-24] and tetracycline antibiotics [25]. And HA can
promote the adsorption of phenanthrene on soil [16]. However, the adsorption behaviors of APAP in river bed sediment with the presence of HA are still an open question.
Therefore, in this paper, the APAP adsorption was studied
by using HA to discuss the influence of condition changes
such as temperature, pH on the adsorption behaviors of APAP
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TABLE 1 - Physicochemical property of the sediment sample
Organic carbon
(w %)
0.33

Moisture content
(w %)
5.84

Volume weight
(g/cm3)
1.54

Mechanical composition (w %)
Silt
Fine sand
<0.25 mm
0.25～0.35 mm

Porosity
(%)
41.81

1.52

onto sediment, in order to provide the reference to clarify the
APAP migration patterns in the environment.

2. MATERIALS AND METHODS
2.1 Supplied test sediment

The supplied test sediment sample was collected from
the overbank of Weihe River. The sediment samples were
unpolluted by APAP, air-dried and sterilized for future use.
Some basic physicochemical properties of the supplied
sediment samples are shown in Table 1.
2.2 Chemical reagent

APAP was purchased from Boston Biomedical Inc.,
(USA) with United States Patent (USP) grade. Molecular
formula of APAP is C8H9NO2, its molecular weight is
151.17 and pKa value is 9.86 [26]. Methyl alcohol in flowing phase was purchased from Waters Company (USA)
with High Performance Liquid Chromatography (HPLC)
grade. The other reagents were all in analytical grade.
2.3 Detection Method of APAP in Solution

A Waters ACQUITY Ultra Performance Liquid Chromatography (UPLC) H-Class with ultraviolet/visible spectrophotometry detector and a BEH Shield RP18 1.7 μm
2.1×150 mm column was used for the quantification of
APAP in solution, under the optimized conditions as follows: methanol/water = 50:50 as mobile phase, 0.2 mL/min
of flow rate, 20 ± 0.1 column temperature, 5 μL of injection volume, 249 nm detected wavelength, and 2.220 min
of retention time.

48.50

Medium sand
0.35～0.5 mm
39.82

Coarse sand
>0.5 mm
10.16

V (C 0  C t )
(1)
m
where C0 and Ct are the initial and t time’s concentrations of the APAP (mg/L)in the solution, respectively. V is
the volume of the solution (L) and m is the weight of the
sediment sample (g).
Qt 

2.4.2 Adsorption Isotherm

In adsorption isotherm studies, solutions with different
initial concentrations were added, which was ranging from
0.2 to 10 mg/L, and the equilibrium time was set as 24 h,
which was enough according to the kinetic studies. The uptake of APAP at equilibrium, Qe (mg/L), was calculated by
the following equation:
V (C 0  C e )
(2)
Qe 
m
where Ce is the equilibrium concentration of the APAP
(mg/L) in the solution.
2.4.3 Thermodynamics

In thermodynamics study, the experiment temperature
was set at 298 K, 303 K and 308 K.
2.4.4 Effect of Solution pH

The effect of solution pH on APAP adsorption was investigated by adjusting the mixture solutions of APAP (the
initial concentration was 10 mg/L) and HA to different initial
pH values at 298 K. The pH of mixture solutions APAP was
adjusted by adding buffer solution into the system.

3. RESULTS AND DISCUSSION

2.4 Adsorption Procedure

Adsorption experiments were conducted by Organization for Economic Co-operation and Development (OECD)
batch equilibrium method [27]. 0.2000 g sediment, 1 mL
APAP solution and 1 mL HA were mixed in a 5 mL centrifuge tube each time, which was then shaken in a thermostat
shaker at 150 rpm, and the aqueous samples were separated
at predetermined time intervals by using filter membranes of
0.22 μm. Set with or without sediment, APAP and HA as
comparison, to remove the adsorption of APAP onto HA.
2.4.1 Adsorption Kinetics

The kinetic studies were performed following a similar
procedure at 303 K. The initial concentration was set as
10.00 mg/L for each APAP in a series of reactors with the
same specification. The uptake of APAP at time t, Qt
(mg/kg), was calculated by the following equation:

3.1 Adsorption kinetics

Pseudo-first-order and pseudo-second-order kinetic
model were used to fit the APAP adsorption onto sediment
samples under different concentrations of HA in reference
to the literature [8]. The fitting curves are shown in Fig. 1,
and the results are shown in Table 2. Without HA, the equilibrium time of the APAP adsorption onto sediment was 24 h,
while it was 12 h after adding HA. It showed that adding HA
can accelerate the APAP adsorption onto sediment. The
APAP adsorption onto sediment was attributed to a large
number of adsorption sites existing on the sediment surface
[28]. The more adsorption sites there are, the larger adsorption quantity of pollutants and the higher activity of the adsorbent it has. The part of HA attached on the sediment surface changed the inherent structure of sediment after adding HA, made the speed of the adsorption become faster
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first-order model fitting was closer to the equilibrium adsorption through the experiments, and the correlation coefficient R2 was higher. It indicated that adding HA cannot
change the dynamics model of the APAP adsorption onto
sediment.

than without HA, so the activity of adsorption sites on sediment surface enhanced. Thus, the equilibrium time of the
APAP adsorption onto sediment was shortened.
In Table 2, Qe,cal1 and Qe,cal2 were the calculated values
of the equilibrium adsorption quantity (mg/kg) from sediment adsorption dynamic curves according to the pseudofirst-order and pseudo-second-order fitting in different
concentrations of HA , respectively. Qe,exp was the equilibrium adsorption quantity (mg/kg) through experiments. It
was demonstrated whether adding HA or not, the calculated values of the equilibrium adsorption from the pseudo-

3.2 Adsorption isotherm

Langmuir and Freundlich model [8] were used to analyze and predict adsorption behaviors of APAP onto sediment samples under different concentrations of HA. The
fitting curves are shown in Fig. 2 and the results are given
in Table 3.

TABLE 2 - Pseudo-first-order and pseudo-second-order rate constants for APAP adsorption onto sediment samples
HA
(mg/L)
0
5
10

Qe,exp
(mg/kg)
8.3463
10.1408
9.3847

Pseudo-second-order model
R2
k2(kg/mg·h) Qe,cal2(mg/kg)
0.9788
0.0103
10.7640
0.9269
0.0130
12.7897
0.9247
0.0154
11.7951

Pseudo-first-order model
k1(1/h) Qe,cal1(mg/kg)
R2
0.9756
0.1065
8.7773
0.9641
0.1526
10.7553
0.9684
0.1641
9.9968

12
10

Qt/(mg/kg)

8
0mg/L Humic Acid
5mg/L Humic Acid
10mg/L Humic Acid
pseudo-first-order
kinetic model
pseudo-second-order
kinetic model

6
4
2
0

0

10

20

30

40

50

t/(h)

FIGURE 1 - Simulated results of pseudo-first-order kinetics and pseudo-second-order kinetics

10

10

9

0mg/LHA
5mg/LHA
10mg/LHA

8
7

9
7
6

5

Qe(mg/kg)

Qe(mg/kg)

6
4
3
2

5
4
3
2

1

1

0
-1

0mg/LHA
5mg/LHA
10mg/LHA

8

Langmuir model

-1

0

1

2

3

4

5

6

7

8

9

Freundlich model

0

10

-1

-1

0

1

2

3

4

5

Ce(mg/L)

Ce(mg/L)

(a)

(b)

6

FIGURE 2 - Langmuir and Freundlich model fit of adsorption isotherm
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TABLE 3 - Isotherm parameters for APAP adsorption onto sediment samples
HA
(mg/L)
0
5
10

Langmuir isotherm
Qm(mg/kg）
KL(L/mg)
8.38625
0.16048
14.23548
0.18211
13.82127
0.19132

R2
0.98668
0.99356
0.98037

Freundlich isotherm
KF/((mg/kg)(L/mg)1/n)
1.17203
2.23794
2.21114

RL
0.747951
0.733185
0.75446

R2
0.96537
0.97457
0.94740

1/n
0.670848
0.639754
0.641256

TABLE 4 - Isotherm simulated results with error analysis for APAP adsorption onto sediment samples
HA
(mg/L)
0
5
10

Langmuir isotherm
SSE
SAE
0.1985
0.8794
0.2976
1.1639
0.9313
1.9537

HYBRID
25.8737
10.7159
39.4688

Freundlich isotherm
SSE
SAE
0.5160
1.6407
1.1756
2.5266
2.4961
3.7202

NPSD (%)
169.0365
56.4015
105.8704

Table 3 shows the Langmuir and Freundlich model parameters of APAP adsorption onto sediment samples under
different concentrations of HA. The values of R2 with
Langmuir and Freundlich model were all greater than 0.94.
Generally speaking, the value of R2 is widely used to investigate the applicability of a model in fitting to data.
However, it cannot be the only standard due to the inherent

298K
303K
308K
Qe (mg/kg)

Qe (mg/kg)

4
3
2
1

0mg/L HA

0
0

1

2

3

4

5

6

7

8

9

NPSD (%)
284.8646
123.2080
184.3621

deviation of linear regression. For the purpose of quantitatively comparing the applicability of Langmuir and Freundlich adsorption isotherms in fitting to data, four error functions were employed for error analysis [8]. The error analysis results are shown in Table 4. SSE, SAE, HYBRID and
NPSD (%) values with Langmuir model fitting were all less
than the Freundlich model fitting, which further proved

6
5

HYBRID
68.6549
48.7454
101.4202

10

11
10
9
8
7
6
5
4
3
2
1
0
-1

298K
303K
308K

5mg/L HA
-1

0

1

2

Ce (mg/L)

3

4

5

6

7

8

9

10

Ce (mg/L)

(b)

Qe (mg/kg)

(a)
11
10
9
8
7
6
5
4
3
2
1
0
-1

298K
303K
308K

10mg/L HA
-1

0

1

2

3

4

5

6

7

8

9

10

Ce (mg/L)

(c)
FIGURE 3 - Langmuir fit of APAP adsorption onto sediment samples under different concentration of HA at different temperature
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that Langmuir model can better describe the process of the
isothermal adsorption of APAP onto sediment, and it was
a monolayer adsorption reaction.
For the isothermal APAP adsorption onto sediment
samples under different concentrations of HA, the values of
RL with the Langmuir model fitting are shown in Table 3,
respectively. It was found that the values were less than 1,
which indicated that the adsorption process was favorable
[29, 30]. It is generally acknowledged that in Freund-lich
adsorption isotherm, 1/n value is usually 0 ~ 1. If 1/n value
is 0.1 ~ 0.5, it is easy for adsorption [31]. After adding HA,
1/n value decreased, the equilibrium time of the adsorption
shortened, and the adsorption quantity increased, which
showed that HA could contribute to the APAP adsorption
onto sediment.

The obtained data of the APAP adsorption onto sediment samples under different concentrations of HA at
298 K, 303 K and 308 K were fitted by Langmuir model.
The fitting curves are shown in Fig.3, and the fitting parameters are shown in Table 5. The linear plot of lnKL versus
1/T for calculating thermodynamic parameters for APAP adsorption onto sediment samples are shown in Fig.4. The values of thermodynamic parameters such as Gibbs-free energy
change (ΔGο), enthalpy change (ΔHο) and entropy change
(ΔSο) were calculated according to the methods from literature [8]. The thermodynamic parameters of APAP adsorption are shown in Table 6.
From Table 6, the positive ΔHο values implied that the
sorption was an endothermic process [32]. The positive ΔSο
values further suggested that the adsorption of APAP onto
TABLE 5 - Langmuir isotherm parameters for APAP adsorption
onto sediment samples at different temperatures

Qm/(mg/kg)
KL/(L/mg)
KL/(L/mol)
R2
Qm/(mg/kg)
KL/(L/mg)
KL/(L/mol)
R2
Qm/(mg/kg)
KL/(L/mg)
KL/(L/mol)
R2

0mg/L HA
5mg/L HA
10mg/L HA

10.8

lnKL

10.6
10.4
10.2
10.0
9.8

0.00325

0.00330

0.00335

1/T(1/K)
FIGURE 4 - The linear plot of lnKL versus 1/T for calculating thermodynamic parameters for APAP adsorption onto sediment samples

3.3 Thermodynamics

Parameters

11.0

HA
(mg/L)
0

298 K
7.30856
0.11339
17141.17
0.99261
13.97583
0.13029
19695.94
0.99645
13.47971
0.13233
20004.33
0.98891

5

10

Temperature
303 K
308 k
8.38625
9.12631
0.16048
0.19045
24259.76
28790.33
0.98668
0.97329
14.23545
14.92082
0.18211
0.2292
27529.57
34648.16
0.99356
0.98001
13.82127
14.57337
0.19132
0.24463
28921.84
36980.72
0.98037
0.96331

sediment was endothermic [33]. The negative ΔGο values
and the increase of temperature indicated that the adsorption process was spontaneous. In general, the value of ΔGο
for physical adsorption is between negative 20 and 0
kJ/mol, and that for chemisorptions are between negative
400 and negative 80 kJ/mol [34].Therefore, the APAP adsorption onto sediment cannot be classed as single physisorption or chemisorption process since the values of ΔGο
did not fall into the two ranges. The sorption was a complex
process with physisorption and chemisorption. However,
the adsorption of APAP onto sediment was mainly physical adsorption. The values of ΔGο decreased after adding
HA, so the adsorption may tend to chemisorption better
than without HA.
3.4 Effect of solution pH

Solution pH usually influences the adsorption largely,
as it affects the properties of both adsorbent and adsorbate.
Studies have shown that the solution pH affected the degree of ionization and the speciation of APAP, which subsequently led to a change in adsorption kinetics and equilibrium characteristics [35]. The effects of solution pH as
well as APAP existence forms on APAP adsorption onto
sediment samples when adding buffer solution are shown
in Fig.5. The properties of charge on the soil and sediment
surface are related to the pH value of zero point charge
(pHZPC). When environmental pH < pHZPC, the soil and
sediment surfac, e is positively charged while the environmental pH > pHZPC, the soil and sediment surface is negatively charged [36, 37]. The actual value of pHZPC was 5.9.

TABLE 6 - Thermodynamic parameters for APAP adsorption onto sediment samples
HA
(mg/L)

ΔHο
(kJ/mol)

ΔSο
(kJ/mol·K)

298 K

ΔGο (kJ/mol)
308 K

318 K

R2

0

39.6408

0.2143

5

43.1418

0.2271

-24.1544

-25.4347

-26.2929

0.93298

-24.4986

-25.7532

-26.7671

10

46.9351

0.2400

0.98114

-24.5371

-25.8775

-26.9340

0.97787
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0mg/L pHZPC
5mg/L
10mg/L

14

pKa=9.86

Qe (mg/kg)

12
10
8
6
0
APAPH2

4

APAPH-

2
0

2

4

6

8

10

12

pH
FIGURE 5 - Effect of solution pH on APAP adsorption onto sediment
samples as well as APAP existence forms in different pH conditions

Without HA, the adsorption quantity of APAP onto
sediment changed little at Solution pH 3.0 - 9.0, decreased
significantly at solution pH 9.0 - 10.0 and reduced slightly
in a solution of pH >10.0.
With the existence of HA, the adsorption quantity of
APAP onto sediment reduced sharply with the increase of
acidity at solution pH < 7.0, basically unchanged at solution pH 7.0 - 9.0, and decreased gradually with the increase
of solution pH value when solution pH exceed 9.0. The reason for this phenomenon is probably that APAP is not
charged while the sediment surface is charged at solution
pH < 9.86, which leading them attract each other. APAP
and the sediment surface are negatively charged at solution
pH > 9.86, which leading them mutually exclusive.
Fig.5 shows that the adsorption quantity of APAP onto
sediment increased obviously with the existence of HA compared with that without HA. Fig.6 exhibits the scanning

(a)

(b)

(c)

(d)

FIGURE 6 - The scanning electron microscope images of sediment before and after the APAP adsorption: (a) The originally sediment, (b) The
sediment without HA after adsorption, (c) The sediment with the existence of HA before adsorption, (d) The sediment with the existence of HA
after adsorption
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FIGURE 7 - The schematic of the mechanism of adsorption

electron microscope images of sediment before and after
APAP adsorption at solution pH 7.0. In Fig.6, the inherent
structure of sediment had changed rougher and the adsorption sites on the sediment surface had increased after adding HA than without HA, it may be that the part of HA
attached on the sediment surface.
The mechanism of adsorption may be a combination
of Van Der Waals Force and electrostatic adsorption. The
schematic of the mechanism of APAP adsorption is shown
in Fig.7. The hydrophobicity of sediment became stronger
after adding HA than without HA. In addition, the surface
charge of sediment may increase obviously after adding
HA, which made a larger adsorption quantity of APAP
onto sediment than without HA. The change of PH impacted on the process of APAP adsorption onto sediment
sharply with the existence of HA. H+ and OH- in the solution can influence the adsorption quantity due to the change
of sediment surface charge, which attribute to the change
of pH along with the existence of HA.

solution of pH >10.0. With the existence of HA, the adsorption quantity of APAP onto sediment reduced sharply
with the increase of acidity at solution pH < 7.0, basically
unchanged at solution pH 7.0 - 9.0, and decreased gradually with the increase of solution PH value when solution
pH exceed 9.0. (5) However, adsorption is a complex process and the structure of HA is also quite complicated, the
impact of HA on the APAP adsorption onto sediment needs
a further study.
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PERIPHYTIC ALGAE COMMUNITY STRUCTURE AND
ENVIRONMENTAL PARAMETERS OF JINYANG
LAKE IN SHANXI PROVINCE, NORTH CHINA
Jia Feng, Fang Wang and Shulian Xie*
College of Life Science, Shanxi University, Taiyuan 030006, China

ABSTRACT
The epiphytic algae community and the environmental
factors of Jinyang Lake were monitored from March 2010 to
February 2011. Cluster and Non-matric Multi-Dimentional
Scaling (MDS) methods were used respectively to do
multivariate statistical analysis of the seasonal changes of
community structure of periphytic algae. The periphytic algae communities of all the plots from different seasons
were clusterred into several groups based on the different
community structure. The contribution of five main factors,
water temperature, air temperature, dissolved oxygen, pH
and conductivity, on the distribution pattern were analyzed
by Principal Component Analysis (PCA) method and the
results showed that, the water temperature was the most effective in all four seasons. Taken together, the water quality in Jinyang Lake was still acceptable. However, more
attention should be paid on proper development and usage
of the touring and fishing resources.

KEYWORDS: periphytic algae, community structure, environmental parameter, Jinyang Lake, North China

1. INTRODUCTION
Jinyang Lake is the largest man-make pool in North
China, located in Taiyuan, the capital of Shanxi Province.
It was built in 1956 to store water used for cooling system
of the Taiyuan No. 1 Co-generation Power Plant, which is
located on the east of the lake. Jinyang Lake covers an area
of 5.26 km2 within the lake area of 4.8 km2, similar size to
the West Lake in Hangzhou. Besides its main function of
providing cooling water for thermal electrical power plant,
it also supplies water for human consumption and provides
fishing farms, etc. In addition, Jinyang Lake is a good
buffer for weather of Taiyuan City, and also is used as a
useful indicator for monitoring the environment pollution
of surroundings. Because its singularity and multiple func* Corresponding author

tions in such area, it is very important for us to proceed the
research on it and dynamically monitor the quality of the
water, giving solid scientific evidence for further utilization and protection of Jinyang Lake.
The water quality of the reservoirs usually depends on
the interaction between the water body and the surrounding
environment factors, such as soil type, vegetation, human
activities, climate and precipitation [1]. As the rapid response of microorganism, such as algae, to instantaneous
environmental stress causing by their special and strict living environment, the composition structure of algae species and the related biomass, and their changes among different time in different areas are considered as the key parameters indicating the quality of the water [2-4]. Phytoplankton and periphyton community are commonly used
indicators [5-10]. Previously, the studies have been done
on the phytoplankton by our lab [11]. Different from phytoplankton community, periphyton is made up of algae inhabiting the surfaces of underwater vegetation rocks and
other substrates, which are often used as indicators of ambient conditions due to its sedentary nature. However, until
now there is no such study reported.
In this paper, clustering and MDS analysis were used
to examine the periphyton communities of four selected
representative sample stations. The contribution of five
main effectors was studied by PCA with the distribution of
periphytic algae.

2. MATERIALS AND METHODS
2.1 Study area

Jinyang Lake, the largest man-made lake in the North
China, covering an area of 5.26 km2 with the lake area of
4.8 km2, is located in the south of Taiyuan, Shanxi Province, North China, with Guodian Taiyuan No.1 Co-generation Power Plant at its west side. This lake was built in
1956 and used to supply cooling water for the thermoelectric power plant. The average depth is about 4 m, with the
deepest area 8 m. The lowest water temperature is around
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5 to 15℃, while the highest temperature is about 33℃ in
July and August.
2.2 Sampling methods

According to both natural characteristics and effectors
of human being, four sampling stations were set, which were
considered as the representative locations around the whole
lake area. The sampling station I (37°45′35″N, 112°29′35″E)
is located at the south of the lake, with less affection by human activities. The sampling station II (37°45′39″N,
112°30′40″E) is located at the south-east corner of the lake,
where is developed as a touring area. The sampling station III
(37°46′49″N, 112°30′34″E), is located at north-east corner of
the lake, where is the entrance of the water and is also closed
to the residential area. And the sampling station IV
(37°46′9″N, 112°29′18″E) is located at west part, where is
the hot water outlet of Guodian Taiyuan No.1 Co-generation Power Plant. Periphyton samples were collected from
these 4 sampling stations on the ninth of each month, during the period from March 2010 to February 2011. For
every sampling from single station, the total periphytic algae from three random sample plots (10×10) cm2 were collected from stones using blade. It has to pay much more
attention to avoid damage the algae cells, which attached
to the substrate. Some periphyton adhered to dominant macrophyte. The material collected was immediately put polyethylene flasks containing distilled water for processing.
Then the periphyton was separated from the macrophyte by
scraping with a brush and jets of distilled water in the laboratory.
The periphytic algae samples were fixed in 4-10% neutralized formalin. Then all the periphytic algae species in the
samples were identified by microscopic examination (Olympus BX51) based on morphology and record [12-16].

Number

Hydrographical parameters were monitored simultaneously while sampling, including temperature, transparency (Secchi disk), dissolved oxygen (digital oximeter
JPB-607), pH (digital meter PHB-4) and conductivity (digital potentiometer DDB-303A).

2.3 Data analysis

The similarity of the periphytic algae community of
those sample stations (I, II, III and IV) of Jinyang Lake and
those of different seasons were assessed using cluster analysis [17, 18]. In order to examine the interrelationships
among samples, Non-matric Multi-Dimentional Scaling
(MDS) methods using the Bray-Curtis similarity index was
employed to analyze the composition of periphyton [1921]. Based on Bray-Curtis similarity index, the parameter
could give the proper similarity between sample plots without the affection caused by the biological data zero in the
whole data matrix. For MDS analyzing, index of stress is a
key value to judge whether the results are objective. If
stress value is lower than 0.1, it is suggested the pareto diagram nicely explain the similarity relationship between all
sample plots; if it is between 0.1-0.2, the pareto diagram
provides a valuable reference; otherwise, if higher than 0.2,
such analyses cannot be referenced. All the analyses were
conducted by the PRIMER 6.0 [22].
Principal Component Analysis (PCA) was used to
identify the primary gradients in perphytic algae community dependent of the environmental data. It was carried out
to compress the data by reducing the number of dimensions
to determine the variability of physicochemical and biological properties [23]. To correlate all the parameters with
one another, simple correlation analysis was carried out. It
was applied the software MVSP [24].

3. RESULTS AND DISCUSSION
3.1 The periphytic algal community structure dynamics

The total 229 species from three classes were identified (Fig. 1). Diatoms were the most diverse group around
the whole year, with 165species and 24genera identified,
accounting to 72.05% of the total species described. The
most dominant species were Cyclotella meneghiniana,
Nitzschia palea, Navicula menisculus, Fragilaria capucina,
Cymbella pusilla. Cyanobacteria were the second abundant
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FIGURE 1 - Composition of the periphytic algae in Jinyang Lake
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FIGURE 2 - The variation of periphytic algal species on sample stations in Jinyang Lake

periphyton group, representing 21.40% of the total taxon.
There were 15 species of Chlorophyta identified, representing 6.55%. Cladophora glomerta appeared at high frequency among the green algae.
The composition and predominant species changed
among different sample sites. At site III, 149 species, ip to
65.07% of the total species, were found, including 30 bluegreen algae, 110 diatoms and 9 green algae. The abundance
was relatively lower at sample site I and II, representing 119
(51.97%) and 107 species (46.72%), respectively (Fig. 2)
The taxonomic composition of periphytic algae community from Jinyang Lake in different seasons has been
analyzed with each single sampling as one sample plot.
In spring, from March to May 2010 in our study, in
total 11 sampling plots have been collected from 4 sample
stations, of which have been sampled 3 times except station
III. At that station, as the water was too deep to collect periphytic algae in March, only two plots were collected in
April and May, respectively. When using clustering, within
the 45% similarity level, the periphytic communities of
these 11 sample plots could be divided into four groups.
The Group 1 is composed of sample plots from station II
and IV collected in March; the Group 2 of sample plots
from station III, IV collected in April and those from station Ⅲ collected in May; the Group 3 included the sample
plots collected from station I and II in April. And the Group
4 was made of the sample plots from station I, II, and III in
May, and those from station Ⅰ in March (Fig. 3a, Fig. 4a).
The same as the data obtained by clustering, MDS showed
the same results, with the stress value is 0.12. In details, the
Group 1 was made of Cladophora glomerata on the left.
The Group 3 and 4 were in the middle, with the community
of Group 3 was of Cl. glomerata, Oedogonium sp., Phormidium tenue and Lyngbya sp. Group 4 was the community
composed of Cl. glomerata, Oedogonium and Spirogyra,
while the Group 2 was composed of Lyngbya and Oscillatoria on the right.

In summer, June to July in our study, 12 sample plots
were divided as 5 major groups at 45% similarity level. The
same results were shown by MDS with the stress value
0.14. Group 1 was composed by sample plots from station
I and II in August, including the community of Cl. glomerata and Oedogonium. The Group 2, which is the largest one
at this time, was composed by the sample plots from the
station I, II and III in June, and those from station I and II
in July. The Group 2 was the community of Cl. glomerata,
Oedogonium and Spirogyra. The sample plots from the station IV in July and August were clustered in the Group 3
and 4, respectively. The Group 3 is composed of Oscillatoria and Microcolus vaginatusi, while the Group 4 was the
community of Oscillatoria with the dominant species of O.
tenue, O. splendid and O. amphibian. The Group 5 included
the sample plots from station IV in June, and those from the
station III in July and August (Fig. 3b, Fig. 4b), which was
composed of the dominant species, O. tenue, O. princeps
and O. formosa.
During autumn, from September to November in this
sampling period, in total 12 sample plots from 4 stations
were grouped into 3 groups both by clustering and MDS,
with the 35% similarity level for clustering and stress value
0.15 for MDS, respectively. Group 1 was made of the sample plots from the station III samples in September, October and station IV in October and November, which were
composed of the community of O. princeps and L. major.
The Group 2 included the sample plots from station I, II
and IV in September, and those from station I in November. These sampling plots were composed of the community
of Cl. glomerata, Oedogonium, Spirogyra, and Lyngbya.
And the Group 3 included the sample plots from the station I
and II in October, and those from the station II and III in November (Fig. 3c, Fig. 4c), containing the community of
Lyngbya, Phormidium and some minority species.
While in winter, from December to February, 8 sample
plots were collected and clustered into 3 groups at 35%
similarity level by clustering and by MDS with the stress
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FIGURE 3 - Dendrogram based on Bray-Curtis similarity index for taxa recorded in Jinyang Lake. Ⅰ=station Ⅰ, Ⅱ=station Ⅱ, Ⅲ=station
Ⅲ, Ⅳ= station Ⅳ (a) spring, Group 1= community Cladophora glomerata, Group 2= community Lyngbya + Oscillatoria, Group 3= community
Cl. Glomerata + Oedogonium sp. + Phormidium tenue + L. sp., Group 4= community Cl. Glomerata + Oedogonium + Spirogyra , (b) summer,
Group 1= community Cl. glomerata + Oedogonium, Group 2= community Cl. Glomerata + Oedogonium + Spirogyra, Group 3= community
Oscillatoria + Microcolus vaginatusi, Group 4 = community Oscillatoria, Group 5= community Oscillatoria , (c) autumn, Group 1 = community
O. princeps + L. major, Group 2 = community Cl. glomerata +Oedogonium + Spirogyra + Lyngbya, Group 3= community Lyngbya + Phormidium,
(d) winter, Group 1 = community Cl. glomerata + Lyngbya, Group 2 = community Lyngbya + Porphyrosiphon, Group 3 = communities Oedogonium +M. paludosus + Calothrix fusca.

FIGURE 4 - Ordination plot of the comparison of sampling stations using Non-matric Multi-Dimentional Scaling (MDS) and Bray-Curtis
similarity index. Ⅰ=station Ⅰ, Ⅱ=station Ⅱ, Ⅲ=station Ⅲ , Ⅳ= station Ⅳ(a) spring, Group 1= community Cladophora glomerata, Group 2=
community Lyngbya + Oscillatoria, Group 3= community Cl. Glomerata + Oedogonium sp. + Phormidium tenue + L. sp., Group 4= community
Cl. Glomerata + Oedogonium + Spirogyra , (b) summer, Group 1= community Cl. glomerata + Oedogonium, Group 2= community Cl. Glomerata
+ Oedogonium + Spirogyra, Group 3= community Oscillatoria + Microcolus vaginatusi, Group 4 = community Oscillatoria, Group 5= community
Oscillatoria , (c) autumn, Group 1 = community O. princeps + L. major, Group 2 = community Cl. glomerata +Oedogonium + Spirogyra +
Lyngbya, Group 3= community Lyngbya + Phormidium, (d) winter, Group 1 = community Cl. glomerata + Lyngbya, Group 2 = community
Lyngbya + Porphyrosiphon, Group 3 = communities Oedogonium +M. paludosus + Calothrix fusca.
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FIGURE 6 - Distance biplot based on the PCA of the periphytic algae community. Ⅰ=station Ⅰ, Ⅱ=station Ⅱ, Ⅲ=station Ⅲ , Ⅳ= station Ⅳ
(a) spring, (b) summer, (c) autumn, (d) winter.

value 0.05. Group 1 was composed of the sample plots
from the station III and IV in January and February. And
the sample plots collected from the station IV in December
were clustered into the Group 2, while those from the station I, II and III in December were clustered into the Group
III (Fig. 3d, Fig. 4d). When coming to the species composition, the Group 1 was made of the community Cl. glomerata and Lyngbya; the Group 2 was the community of
Lyngbya and Porphyrosiphon, and the Group 3 was composed of the communities Oedogonium, Microcoleus paludosus and Calothrix fusca.
3.2 The periphytic algal distribution by environmental factors
in different seasons

In previous context, all the sample plots were analyzed
by both clustering and MDS, of which the results were totally the same as each other, indicating such results were
objective. Next, based on the community data, we would
like to examine the contribution of the environmental factors in different seasons on such community structure. Normally, the water temperature, air temperature, dissolved
oxygen, pH value and conductivity are supposed as the
main effectors on the structure of periphyton communities.
Thus, all the five references were record at each sampling
and then were analyzed by Principal Component Analysis
(PCA), which could well describe the relationships between the periphyton communities and the main environmental factors (Fig. 5).

The Principal Component Matrix of environmental parameters in spring was shown in Table 1. It could be seen
that the two principle components accounted for 99.812%
of variations of the species, with the first component contributing 98.481% and the second one contributing
1.331%, much less than the first one. In the first component, the water temperature, the most important factor with
the highest loading dose 0.955, was positively correlated to
the first axis on the PCA ordination graph, with a gradient
increase from left to right, indicating the variance of periphytic communities were mainly determined by such factor in spring. Besides, the water temperature, air temperature and dissolved oxygen showed 0.247 and -0.155 of
loading dose, respectively, indicating they had certain but
correspondingly low correlation with variance of the periphytic communities. In the second component, air temperature was the key factor with loading dose 0.943 while
the water temperature showed a negative correlation. However, as the quite less contribution of the second component, this negative correlation could be ignored. In contrast,
compared with the water temperature and air temperature,
there was no remarkable relevance of pH, conductivity and
dissolved oxygen with the distribution of periphytic communities at these sample stations in spring. In addition,
based on the PCA graph, it could be found that the five
environmental factors analyzed here caused a certain distribution pattern of the periphytic communities of 4 sample
stations, showing the stations IV, with obvious different
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structure of the periphytic community, was far away from
the other three on the PCA ordination graph, while station
I and II were located near to each other, sharing more similar structure of periphytic community. This could be explained that in spring, the water temperature, the key factor
at this time, at station I, II and III are quite lower than the
station IV, as where was the outlet of the hot water from
the power plant, contributing higher water temperature to
surrounding area (Fig. 5a).
TABLE 1 - Principal component matrix of environmental parameters
in spring
Parameters
Conductivity
Dissolved oxygen
Water temperature
Air temperature
pH
Eigenvalue
Variance contribution (%)
Cumulative (%)

Axis1
0.046
-0.155
0.955
0.247
-0.017
29.134
98.481
98.481

Components
Axis 2
0.023
-0.192
-0.276
0.934
-0.121
0.394
1.331
99.812

higher than those of spring and summer. The same as analysis results of spring and summer, the water temperature
was still the key factor to the first component, giving loading dose 0.686, while the air temperature was another factor giving -0.640 loading dose, almost equal to the water
temperature on Axis I, but opposite contribution to the water temperature. On the Axis II, the dissolved oxygen and
water temperature were key factor, giving loading dose
0.740 and 0.615, respectively. A similar distribution pattern was gained on the autumn PCA ordination graph,
showing the station IV was far away from the other three.
However, compared that with the locations on the other
two graph of spring and summer, it can be seen that the
variance of the station I and II showed increase, indicating
the abundance of the periphytic species in this season was
higher than the others (Fig. 5c).
TABLE 3 - Principal component matrix of environmental parameters
in autumn
Parameters

In summer, PCA results showed a total 99.941% variability during this short span of monsoon transition, within
the first primary component accounting for 94.064% and
the second one contributing 5.877%. In the first primary
component, water temperature was still the most important
factor with 0.879 loading dose, while the second one was
air temperature with 0.400 loading dose. In the second primary component, dissolved oxygen and the water temperature were positive loadings, with 0.787 and 0.418, respectively, while the air temperature gave a -0.409 loading dose
(Table 2). Indicating by the PCA ordination graph in summer, the water temperature remained the most correlated
factor with the first axis and also showed as a positively
correlated with the community distribution on both Axis I
and Axis II. The similar results could be seen of air temperature on Axis I. In addition, dissolved oxygen showed
positively correlated to the periphytic community distribution on Axis II. The location of sampling stations on the
PCA ordination graph was similar to that shown in spring,
with station II and I were close to each other, while station
IV was far from the other three (Fig. 5b).
TABLE 2 - Principal component matrix of environmental parameters in summer
Components
Parameters
Axis 1
Axis 2
Conductivity
0.001
-0.177
Dissolved oxygen
-0.260
0.787
Water temperature
0.879
0.418
Air temperature
0.400
-0.409
pH
-0.005
-0.086
Eigenvalue
31.604
1.974
Variance contribution (%)
94.064
5.877
Cumulative (%)
94.064
99.941

PCA on autumn samples showed a total 99.461% variance, with the first component contributing 88.905% and
the second one accounting 10.556% (Table 3), a little

Conductivity
Dissolved oxygen
Water temperature
Air temperature
pH
Eigenvalue
Variance contribution (%)
Cumulative (%)

Axis 1
0.047
-0.342
0.686
-0.640
-0.007
36.078
88.905
88.905

Components
Axis 2
-0.052
0.740
0.615
0.260
-0.057
4.284
10.556
99.461

TABLE 4 - Principal component matrix of environmental parameters in winter
Components
Parameters
Axis 1
Axis 2
Conductivity
0.038
0.038
Dissolved oxygen
-0.142
0.143
Water temperature
0.611
0.789
Air temperature
0.777
-0.597
pH
-0.045
-0.006
Eigenvalue
29.059
2.235
Variance contribution (%)
92.584
7.121
Cumulative (%)
92.584
99.705

In winter, two principal components contributed
99.705% variance of the data, with the first one accounting
for 92.584% and the second one accounting for 7.121%
(Table 4), the similar data as shown in spring and summer.
In the first component, different from the other three seasons, the air temperature became the most important factor
with 0.777 of loading dose, while the water temperature
was the second one, giving 0.611 loading dose, slightly
lower than air temperature. Both of them showed a positive
correlation with the variance of periphytic algae. In the second component, the water temperature showed loading
dose of 0.789, while the air temperature gave -0.597. Compared with the first component’s 92.584% contribution to
the total variance, the negative correlation of the air temperature with the communities’ distribution on Axis II
could be ignored. Different pattern of these sampling stations were shown on the PCA ordination graph, with the
station I and II being separated and the station III was lo-
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cated close to the station IV, showing higher variance of
periphytic algae compared with that of the other three seasons shown in previous context (Fig. 5d).
Environment evaluation is normally based on the biological data and related ecological factors. The dissolved
nutrient concentration of Jinyang Lake from 2006 to 2012
(TN: 2.361-2.942 mg/L, N-NH4: 0.220-0.296 mg/L, TP:
0.065-0.207 mg/L) were markedly exceeded the corresponding standards [25-27]. The correlation between phytoplankton biomass and physicochemical properties
showed that the total phytoplankton biomass and Cyanophyta biomass significantly positively correlated with temperature and TP, while significantly negatively correlated
with dissolved oxygen [25]. PCA ordination indicated that
the quadrats were influenced greatly by temperature, dissolved oxygen in spring, summer and winter.
Here, periphytic algae community structure and seasonal dynamics were examined during a whole natural year
in Jinyang Lake. Five important effectors were analyzed
using PCA method, showing that the water temperature is
the key factor. Jinyang Lake is located in the north of
China, where has a typical temperate and monsoonal climate with four clearly distinct seasons. While the air temperature has dramatically changes seasonally, the water
temperature shows similar dynamics accordingly. Previous
study confirmed that the temperature is a limiting factor
when other factors are unfavorable [28]. Such affection
also could be seen from the difference perphytic communities between the station IV and the other three stations.
As the temperature at the station IV was higher than the
other three’s, led by the hot water drainage from the power
plant, the taxonomic composition of this station was distinct from the others in the same season, shown that it is far
away from the other three on the PCA ordination graph.
Besides the water temperature, the air temperature is
the second key factors on the periphytic community structure. However, different from the positive relationship between the water temperature and the periphytic structure,
the air temperature showed either positive or negative relationship with the community diversity in different seasons.
It could be explained that air temperature indirectly influenced the periphytic structure through changing the water
temperature. During spring and summer, the air temperature raised up while the water temperature was still lower
than it. Therefore, it showed positive correlation with the
periphytic structure. While in autumn, the air temperature
declined much more quickly than the water temperature.
Thus, it showed a negative effect on the periphytic community. The third key factor in Jinyang Lake is dissolved
oxygen. And its effect mainly showed during summer and
autumn, when the water temperature was relatively stable.
In our study, the other two environmental factors did not
show strong correlation with the periphytic community
structure. However, the pH examined through the whole
sampling period stabilized at alkaline in nature, which is
considered to attribute good buffer properties of the water
[29, 30].

The Power Plant did not cause severe chemical pollution. However, the thermal affection to the water body
caused by the cooling system was obvious. In addition, as
the human activities become more and more frequent,
aquatic quality the residential area is getting worse, meaning it is urgent to take consideration to such area and find
a way to properly use the water resource.
There are several methods using on cluster analysis.
However, as the different principle, sometime different
methods would give different results, even totally opposite
to each other. Thus, when analyzing the community structure, at least two methods are employed to make sure the
results are objective and reliable. Here, we used the clustering and multivariate statistical analysis, because that the
clustering is the classical analysis and the multivariate statistical analysis method is more sensitive on the changed of
community structure.
Interestingly, no matter which method using here, the
results were completely consistent. The seasonal patterns
and composition in periphyton community were generally
similar at sample station Iand II. Consistently, on PCA bioplot graph, such sample plots were also close to each
other, located on the left. The mainly periphyton community of these two sample stations were the community of
Cl. glomerata + Oedogonium, the community of Cl. glomerata + Oedogonium + Ph. tenue + Lyngbya, the community of Cl. glomerata + Oedogonium + Spirogyra, and the
community of Ph. tenue + Lyngbya. In lentic systems, the
density of loosely adhere forms of Zygnemaphyceae and
Chlorophyceae increase gradually [31, 32].
The Sample plots from station III was always located
in the middle on PCA bioplot graph. The components of
periphyton community were more complicated compared
with the other three sample stations. As shown on the map,
the station III was situated on the water entrance of Jinyang
Lake, the water quality should be relatively good. However, as in this area, a small part was introduced to fish culture recent years. And normally, the fishing activities are
becoming frequent from April, when the weather warms.
Thus, the water quality was much worse than before, as affecting by more and more human disturbance.
The station IV was located on the right of the PCA biplot graph, which was far away from the other stations, indicating that the community structure at the station IV was
significantly different from those of the other stations. This
difference could be easily explained by its natural localization near the hot water drainage of the power plant. A large
mount hot water discharged regularly from the power plant
caused the water temperature of surrounding area was
higher than the rest part of the lake. In spring, it was up to
26 . The high water temperature together with the remarkable changes in nutrient composition and water
speedy exerted strong influences on the microorganism
distribution and led to a different periphyton community
structure. The community was primarily composed of the
community Lyngbya + Oscillatoria, the community Oscillatoria + M. vaginatus, the community Oscillatoria and the
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community Lyngbya + Porphyrosiphon, with some diatom
as accompanying species.

[3]

Cetto, J. M., Leandrini, J. A., Felisberto, S.A. and Rodrigues, L.
(2004) Periphyton algae community in Iraí reservoir, Paraná
State, Brazil. Acta Scientiarum Biological Sciences 26, 1-7.

[4]

Júlio-Júnior, H. F., Thomaz, S. M., Agostinho, A.A. and
Latini, J. D. (2005) Distribuiçãoe caracterização dos reservatórios. in Rodrigues, L., Thomaz, S. M., Agostinho, A. A. and
Gomes, L. C. eds., Biocenoses em Reservatórios: Padrões Espaciais e Temporais, São Carlos, Rima, 1-16.

[5]

O’ Reilly, C. M. (2006) Seasonal dynamics of periphyton in a
large tropical lake. Hydrobiologia 553, 293-301.

[6]

Vermaat, J. E. (2005) Periphyton dynamics and influencing
factors. in Azim, M. E., Verdegem, M. C. J., Van Dam, A. A.
and Bederidge, M. C. M., eds., Periphyton Ecology, Exploitation and Management, Cambridge, CABI Publishing, 35-49.

[7]

Costa, L., Huszar, V. and Ovalle, A. (2009) Phytoplankton
functional groups in a tropical estuary: hydrological control
and nutrient limitation. Estuaries and Coasts 32(3), 508-521.

[8]

Zhou, G. J, Zhao, X. M., Bi, Y. H., Liang, Y. B., Hu, J. L.,
Yang, M., Mei, Y., Zhu, K. X., Zhang, L. and Hu, Z. Y. (2011)
Phytoplankton variation and its relationship with the environment in Xiangxi Bay in spring after damming of the ThreeGorges, China. Environmental monitoring and assessment
176(1-4), 125-141

[9]

Xu, Y. Y., Cai, Q. H., Ye, L. and Shao M. L. (2011) Asynchrony of spring phytoplankton response to temperature driver
within a spatial heterogeneity bay of Three-Gorges Reservoir,
China. Limnologica-Ecology and Management of Inland Waters 41(3): 174-180.

4. CONCLUSIONS
Periphyton species occurrence, composition and diversity were influenced by multiple environmental factors of
the water body. In total, 229 species of periphytic algae
have been identified, belonging to 62 genera, 27 family and
3 divisions. The most dominant species were C. meneghiniana, N. palea, N. menisculus, F. capucina, C. pusilla and
Cl. Glomerta.
Based on the PCA results, it could be concluded that
in Jinyang Lake, the water temperature is the most important factor, limiting the taxonomic composition of perphytic algae community. The air temperature is the second
key factor on the periphytic community structure. The third
key factor in Jinyang Lake is dissolved oxygen. And its effect mainly showed during summer and autumn, when the
water temperature was relatively stable. The pH and conductivity did not show strong correlation with the periphytic community structure.
Jinyang Lake is a representative sample of hydrographic basins with complex environment. Lot effectors including climate, precipitation, vegetation and human activities together with the characteristics of water flow determine the microorganism distribution and water quality
[33]. Our data showed that the water temperature was the
most effective factors of periphyton distribution and the
water quality was acceptable. Even though, more attention
should be paid on the protection of Jinyang Lake, especially on proper developing the touring and fishing resource. At the same time, it could be considerate to use the
artificial wetlands and floating rafts for improving the water quality and control eutrophication.
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ABSTRACT
The aim of the study was the evaluation of the potentially antioxidant effect of boron against streptozotocin (STZ)induced diabetes in rats. Animals were allocated into 5 groups
of 6 rats each. The control group was fed standard rat feed and
received no added treatment. In the diabetic group, STZ was
injected intraperitoneally at a single dose of 50 mg/kg. Boron was given to animals in the other groups at dosages of
5, 10, and 20 mgB/kg for 28 days. STZ induced a significant increase of 8-hydroxy-2'-deoxyguanosine as an oxidative stress marker, total oxidant status, oxidative stress index, and DNA damage, whereas it decreased total antioxidant capacity. Also, M30 as an apoptotic marker in a serum
was increased by STZ treatment. In addition, pancreatic βcells were examined by immunohistochemical methods,
and the degeneration of islet cells was observed in STZinduced diabetic rats. In contrast, boron in a dose-dependent manner decreased amelioration of oxidant status, DNA,
and tissue damage in diabetic rats. In conclusion, boron
treatment shows an antioxidant effect in diabetes by decreasing oxidative stress and preserving pancreatic β-cells’
integrity.
KEYWORDS:
boron, oxidative stress, DNA damage, diabetes, rat

1. INTRODUCTION

high oxidative stress due to persistent and chronic hyperglycemia, thereby depleting the activity of the antioxidant
defense system and in turn promoting free radical generation [3].
The cellular antioxidant status determines the susceptibility to oxidative damage and is usually altered in response to oxidative stress. Accordingly, many antioxidants
have recently been used to prevent oxidative damage in diabetes with high oxidative stress. Antioxidants such as vitamins (C and E), enzymes (superoxide dismutase, catalase,
glutathione peroxidase), and minerals (selenium, boron)
have been shown to protect the cells against lipid peroxidation and DNA damage, which is the initial step in many
pathological processes [4-6]. Reduced antioxidant levels as
a result of increased free radical production in experimental
diabetes have been reported by many authors [7].
Boron is one such naturally occurring mineral substance. Aside from its traditional use in health care, boron
is widely used in industrial, agricultural, and cosmetic applications [8]. In many researches, boron has been shown
to possess antioxidant [9], hepatoprotective [6], and antigenotoxic effects [5]. Ince et al. [9] suggested that boron
limits oxidative damage by enhancing the body’s stores of
glutathione and by inhibiting other reactive oxygen species.
Furthermore, Turkez et al. [4] found that, at low doses, boron
compounds increased antioxidant enzyme activities in human blood.
The aim of the present study was to determinate the
effect of boron on antioxidant status and DNA damage in
streptozotocin (STZ)-induced diabetic rats. In addition, we
explored whether boron treatment improves pancreatic βcells against STZ damage in rats, using immunohistochemical staining.

Diabetes mellitus, characterized by hyperglycemia, is
the most common endocrine disorder. Although the underlying mechanism of diabetic complications remains unclear, much attention has been focused on the role of oxidative stress [1]. Oxidative stress has recently been shown
to be responsible, at least in part, for the β-cell dysfunction
caused by glucose toxicity and to have caused tissue damage [2]. Diabetics and experimental animal models exhibit

2.1 Chemicals

* Corresponding author

Boric acid as a boron source and STZ were purchased
from Sigma-Aldrich (Sigma-Aldrich Chemical Co. St. Louis,

2. MATERIALS AND METHODS
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MO, USA). All other chemicals and reagents were of analytical reagent grade and purchased from commercial
sources.
2.2 Animals and Experimental Design

Healthy male Wistar albino rats, 60 days old and
weighing 180–200 g, were purchased from the Animal
Breeding Laboratories of the Experimental Animal Research and Application Center (Afyon, Turkey). The animals were kept at room temperature (25ºC) and relative humidity (50–55%) in a 12 h light/dark cycle with ad libitum
access to a standard rat diet and water. The rats were allowed to acclimatize to the animal facility for at least seven
days before the experiment started. Prior to the experiment,
rats were fed a standard rodent diet for one week in order
to adapt to the laboratory conditions.
The animals fasted overnight and diabetes was induced
by a single intraperitoneal injection of a freshly prepared
solution of STZ (50 mg/kg body weight) in cold 0.9% saline [1]. The animals were allowed to drink 5% glucose solution overnight to overcome the drug-induced hypoglycemia. Control rats were injected with 0.9% saline only. Diabetes was confirmed in STZ rats by measuring the fasting
blood glucose concentration using a glucometer, ACCUCHEK (Bayer, Germany), 48 h after the injection of STZ.
The rats with blood glucose level >300 mg/dl were considered to be diabetic and were used in the experiment. The
treatment was started on the second day after the STZ injection, and this was considered as the first day of treatment. The treatment was continued for 28 days.
The rats were divided into 5 groups consisting of 6 animals each. Normal diet and tap water were given to both
the control and treatment groups for a period of 28 days.
STZ (50 mg/kg/day) was given intraperitoneally to the diabetic group for a period of 28 days. Three different doses
of boric acid as a boron source (5, 10, and 20 mgB/kg/day,
dissolved in distilled water) were given by gastric gavage
[10] and STZ (50 mg/kg/day) was given intraperitoneally to
the other groups throughout the entire 28 day period. The experimental protocols were approved by the Animal Care and
Use Committee at Afyon Kocatepe University (2012/128)
and are in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals.

from Rell Assay Diagnostics in Turkey. The results were expressed as millimol Trolox equivalents per liter (mmol
Trolox equiv./L). Also, the total oxidant status (TOS) levels were determined using a novel automated measurement
method developed by Erel [12]. The results were calibrated
with hydrogen peroxide and expressed in terms of micromolar hydrogen peroxide equivalent per liter (μmolH2O2
equiv./L). The oxidative stress index (OSI), which is an indicator of the degree of oxidative stress, was calculated according to the formula OSI = [(TOS)/(TAS) x 100] from
the TAS and TOS kit protocol of Rell Assay.
The plasma samples were examined for their concentration of 8-hydroxy-2'-deoxyguanosine (8-OHdG) using
a competitive enzyme immunoassay (EIA) kit (Cayman
Chemical Company, Ann Arbor, MI, USA) [13,14]. The
M30 levels of plasma were measured with Apoptosense®
ELISA (VLVbio, Sundbyberg, Sweden) test kit, which is a
one-step in vitro immunoassay for the quantitative determination of apoptosis-associated caspase-cleaved keratin 18
(ccK18, K18Asp396 or M30 neo-epitope) in plasma [15].
2.5 Comet assay in rat mononuclear leukocytes

2.4 Measurement of TAS, TOS, OSI, 8-OHdG and M30 levels

Mononuclear leukocytes were separated to be used in
a comet assay. For this, the method developed by Kocyigit
et al. [16] was followed. In this method, heparinized blood
samples were leaked into Histopaque-1077 in the test tubes,
and after forming a thin layer, the test tubes were centrifuged
at 2100 rpm for 30 min (25°C). After that, the middle layer
(containing mononuclear leukocytes) was transferred to 1 mL
of salinated phosphate buffer (PBS) (pH 7.4) and mixed with
it. Then, this mixture was again centrifuged at 1600 rpm for
10 min (25°C). After discharging the supernatant, the pellet
was diluted, including 106 in mm3 by PBS (pH 7.4). Then,
the leukocytes were mixed with 100 µL of 0.5% low-melting agarose in PBS at 37°C. Subsequently, 80 µL of this
mixture was layered onto a slide pre-coated with a thin
layer of 1% normal melting-point agarose, covered immediately with a coverslip, and stored for 5 min at 4°C to allow the agarose to solidify. After removing the coverslips,
the slides were immersed in freshly prepared cold (4°C)
lysine solution (2.5 M NaCl, 100 mM EDTA-Na2; 1% Nasarcosine, 10 mM Tris–HCl, pH 10–10.5; 1% Triton X-100
with 10% DMSO added just before use) for at least 1 h. The
slides were then electrophoresed (25 V/300 mA, 25 min) after they were immersed in freshly prepared alkaline electrophoresis buffer (0.3 M NaOH and 1 mM EDTA-Na2, pH >
13) at 4°C for unwinding (40 min). All steps were carried
out under minimal illumination. After electrophoresis, the
slides were neutralized (0.4 M Tris–HCl, pH 7.5) for 5 min.
The dried microscope slides were stained with 2 µg/mL
ethidium bromide (70µL/slide), each was covered with a
coverslip, and they were analyzed using a fluorescence microscope. The images of 100 randomly chosen nuclei were
analyzed visually.

Total antioxidant status (TAS) levels were measured
according to Erel’s method [11], which represents the quantity of plasma antioxidants, and were determined using a kit

Observations were made at a magnification of 400x using a fluorescent microscope (Olympus, Japan). Each image
was classified according to the intensity of the fluorescence

2.3 Blood collection

Following the experimental procedures, the rats were
sacrificed after an overnight fasting period (12 hours) under
anesthesia with an intraperitoneal injection of 65 mg/kg ketamine and 7 mg/kg xylazine. Blood samples from the rats
were collected in tubes anti-coagulated with heparin. Blood
was centrifuged promptly at 3500 x g for ten minutes at
+ 4°C for plasma. All samples were stored at −80°C until use.
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in the comet tail by being given a value of 0, 1, 2, 3 or 4
(from undamaged class 0 to maximally damaged class 4),
and therefore the total score of the slides ranged from 0 to
10 arbitrary units (AU). Damage was detected by a tail of
fragmented DNA that migrated from the nuclei, causing a
‘comet’ pattern, whereas whole nuclei, without a comet,
were not considered damaged.

lysed using one-way analysis of variance (ANOVA), followed by Duncan post-hoc tests on the SPSS (11.5) computer software program. A difference in the mean values of
P <0.05 was considered to be significant.

2.6 Immunohistochemical analysis

3.1 Effects on body weights and blood glucose levels

The pancreas was removed from each animal immediately after sacrificing and rinsed in ice-cold saline. The tissue samples were fixed in paraformaldehyde, dehydrated
in a graded series of ethanol, and embedded in paraffin wax
before sectioning. Sections were dewaxed and rehydrated.
After being washed in phosphate-buffered saline, sections
were immersed in a solution of 3% H2O2 for 10 min. The
sections were then pre-incubated with non-immune serum
for 15 min and subsequently replaced with rabbit anticaspase-3 antibody (1:20, ab4051, Abcam, USA) for incubation at room temperature for 2 h. Biotinylated goat antimouse immunoglobulin was used as a secondary antibody.
They were labelled with streptavidin peroxidase following
incubation with the secondary antibody at 37°C for 30 min.
The localization of the antigen was indicated by a brown
color obtained with 3-amino-9-ethyl-carbazole as a chromogenic substrate for peroxidase activity. Slides were
counterstained with Mayer’s hematoxylin for microscopic
observation. The specificity of the immunohistochemical
staining was checked by omission of the primary antibody
or by using an inappropriate antibody (anti-gastrin). All
these controls gave negative results. Control pancreas sections with (+) signals were used as a positive control.

The body weights and blood glucose levels of animals
are shown in Figs. 1 and 2, respectively. The baseline weights
of the rats at the beginning of the study were similar in all
groups. At the end of the treatment, average body weights
were not significantly changed in control animals, but they
decreased in both diabetic (21 %) and boron-treated diabetic animals between 12-18 % (P <0.05). However, losses
in body weight were found less in boron-treated diabetic
rats in a dose-dependent manner. Animals induced by STZ
consistently exhibited hyperglycemia (P <0.001) and glucose levels were found increase about 350-450 % compared to initial glucose levels. Boron treatment caused a
decrease between 8-17 % in the elevated serum glucose
levels in STZ diabetic rats, as measured at the end of the
study.

2.7 Statistical analysis

Data obtained from experimental animals were expressed
as means and standard deviation of means (±SD), and ana-

3. RESULTS

3.2 Effects on TAS, TOS, OSI, 8-OHdG and M30 levels

The antioxidant status, 8-OHdG, and M30 as apoptosis
marker for the evaluation of diabetes are summarized in
Table 1. There was a significant decrease of TAS and increases of TOS, OSI, 8-OHdG, and M30 (P <0.001) levels in
the diabetic group compared to the control group. However,
administration of boron at doses of 5, 10, and 20 mg/kg/day
prior to the diabetes challenge was observed to dose-dependently reverse the STZ-induced alteration of these parameters.

FIGURE 1 - The effect of diabetes alone and treated with boron on body weights in rats. Boron was administered at 5, 10, and 20 mg/kg per
day and STZ was administered at 50 mg/kg per day for 28 days. Body weights of rats were measured at 0, 1, 2, 3, and 4 weeks. Results are
expressed as mean + SD of six rats and * P <0.05.
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FIGURE 2 - The effect of diabetes alone and treated with boron on glucose levels in rats. Boron was administered at 5, 10, and 20 mg/kg per
day and STZ was administered at 50 mg/kg per day for 28 days. Body weights of rats were measured at 0, 1, 2, 3, and 4 weeks. Results are
expressed as mean + SD of six rats.

TABLE 1 - Effects of boron at dose of 5, 10, and 20 mgB/kg on total antioxidant status (TAS), total oxidant status (TOS), oxidative stress index
(OSI), 8-hydroxy-2' -deoxyguanosine (8-OHdG), and apoptosis (M30) in diabetic rats.
TAS
(mmol trolox equiv/L)

TOS
(μmol H2O2 equiv/L)

OSI
(H2O2/ trolox)

8-OHdG
(ng/mL)

M30
(U/L)

Control

8.99±0.55a

0.30±0.03d

3.36±0.47e

94.07±6.22d

40.93±2.21e

Diabetes

5.28±044e

5.75±0.31a

109.53±11.38a

410.49±24.51a

197.63±9.73a

B5+ Diabetes

6.03±0.48d

4.42±0.46b

73.69±9.96b

256.87±39.08b

157.45±6.96b

c

c

48.05±10.82

c

137.61±7.65c

1.34±0.42c

17.40±5.01d

Groups

B10+ Diabetes

6.51±0.46

B20+ Diabetes

7.69±0.56b

3.09±0.53

c

168.29±16.45

105.97±6.39d

93.38±4.13d

Values are mean ± S.D., n=6.
a,b,c,d,e
: in the same column values with different letters show statistically significant differences (P <0.05).

FIGURE 3 - The effect of diabetes alone and treated with boron on DNA damage in rats. Boron was administered at 5, 10, and 20 mg/kg per
day and STZ was administered at 50 mg/kg per day for 28 days. Results are expressed as mean + SD of six rats.
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FIGURE 4 - STZ-induced DNA damage as measured by the alkaline Comet assay and the effect of boron in rats. (A) Control group, (B) animals
treated with 50 mg/kg per day STZ, (C) animals treated with 50 mg/kg per day STZ and 5 mg/kg per day boron, (D) animals treated with 50
mg/kg per day STZ and 10 mg/kg per day boron and (E) animals treated with 50 mg/kg per day STZ and 20 mg/kg per day boron.

3.3 Effect on DNA damage

3.4 Immunohistochemical evaluation

DNA damage was determined in the mononuclear leukocytes of rats, as shown in Figs. 3 and Fig. 4. In the diabetic
group, DNA damage levels were found to be high (1.5±0.92
AU; 491 %) compared to the control group (7.37±1.50 AU)
(P < 0.001). DNA damage was also found to be at 5.75±1.38,
4.37±1.18, and 2.75±1.28 AU in B5, B10, and B20 plus diabetes, respectively. These results suggested that the administration of boron in a dose-dependent manner alleviated
STZ-induced DNA damage in mononuclear leukocytes between 22-63 % compared to the diabetic group (P < 0.05).

The histology of the pancreas was normal in the control group. Immunohistochemical staining of the pancreatic
tissues in the control group showed diffuse stoplasmic positivity in the pancreas (Fig. 5A). Degenerative changes and
shrinkage in the islets of Langerhans were observed in pancreatic tissues of diabetic rats stained with Mayer’s hematoxylin. There was mostly hydropic degeneration and
degranulation in the cytoplasm of the degenerative cells,
while pyknotic nuclei in some cells had eosinophilic cytoplasm (Fig. 5B). Boron treatment at doses of 5 (Fig. 5C),
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FIGURE 5 - The histopathological effect of boron on pancreas of rats induced-STZ. Representative figures were stained with immunohistochemical. The original magnification was x 20 and the scale bars represent 20 µm. Arrowheads indicate apoptosis positivity. (A) Control group,
(B) animals treated with 50 mg/kg per day STZ, (C) animals treated with 50 mg/kg per day STZ and 5 mg/kg per day boron, (D) animals
treated with 50 mg/kg per day STZ and 10 mg/kg per day boron and (E) animals treated with 50 mg/kg per day STZ and 20 mg/kg per day
boron.

TABLE 2 - Semi-quantitative analysis of immunohistochemical staining of Langerhans islets in control and diabetic groups
Animals /
Groups

1

2

3

4

5

6

Control

-

-

-

-

-

-

Diabetes

+++

+++

++

+++

++

+++

B5+ Diabetes

++

++

++

++

+

++

B10+ Diabetes

++

++

++

+

+

++

B20+ Diabetes

++

+

+

++

+

+

Data was expressed as weak (+), moderate (++), and strong (+++).

10 (Fig. 5D), and 20 (Fig. 5E) mgB/kg protected the majority of cells of islets of Langerhans. In addition, the results of a semi-quantitative analysis of immunohistochemical staining of Langerhans islets in control and diabetic
groups are shown in Table 2.

4. DISCUSSION
Diabetes induced by STZ to rats for four weeks reduced weight gain and increased blood glucose levels.
Nonetheless, boron administration, in a dose-dependent
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manner, was found to alleviate these parameters in animals.
Similarly, Hazman and Ovalı [17] reported that STZ injection intended to form β-cell dysfunction led to a decrease
in weight gain levels in diabetic groups. Additionally,
many researchers [1,17,18] have suggested that diabetes
caused hyperglycemia and glucose was measured at a high
level in the blood. This result is consistent with our results;
glucose levels were found to be high in the blood. In contrast, glucose levels were found to be low in the borontreated groups compared to STZ group. These results may
explain boron has a hypoglycemic effect due to influences
energy substrate metabolism and can attenuate the rise in
plasma glucose concentration [19].
Determination of TOS may indicate the concentration
of all free oxidant radicals caused by diabetes-related oxidative damage [12,18]. TAS may be an important factor in
providing protection from cell damage caused by diabetesrelated oxidative stress [12,18]. In this study, we evaluated
oxidative stress using TAS, TOS, and OSI parameters. We
found increased TOS and OSI levels and decreased TAS
levels in the plasma of diabetic rats compared to control
rats. These increased oxidants may be due to overproduction or decreased excretion of oxidant substances. Because
of an increase in these oxidants and a decrease in total antioxidants, the oxidant/antioxidant balance shifted toward
oxidative stress in the diabetic rats. Treatment of the diabetic rats with boron in a dose-dependent manner significantly reduced TOS and OSI and increased TAS levels
compared to the untreated diabetic rats. This situation
showed that the oxidant/antioxidant balance shifted toward
antioxidant status with the boron treatment of the diabetic
rats. Consistent with our results, many researchers suggested that TAS, TOS, and OSI levels were increased in
diabetic rats due to oxidative stress [20,22].
In fact, 8-OHdG is the most common base modification in mutagenic damage and is used as a biomarker of
oxidative stress [23]. In this study, 8-OHdG was found to
be at a high level in the plasma of STZ-treated rats. Similarly, Hsieh et al. [24] reported that the STZ treatment
caused diabetes in rats and 8-OHdG was measured at high
level in multiple tissues. By contrast, boron affects 8OHdG levels, which decrease in boron-administered rats
compared to untreated rats in the diabetic group. The explanation for this result could be that boron may alleviate
the mutagenic damage and oxidative stress imposed by diabetes.

DNA damage in this study, and this may be attributed to its
antioxidant [5,9] and cytoprotective activities [28].
M30 is determined in either plasma or serum in different circulating forms of the protein cytokeratin 18 and is
proposed, based primarily on in vitro data, to be surrogate
endpoints of different forms of cell death [29,30]. In this
study, M30 levels were found to be high in the untreated
diabetic group because of oxidative stress from STZ-induced free radicals that could cause cell damage. Treatment of STZ-induced rats with boron yielded normal levels
of M30, which may have resulted from the boron-mediated
reduction of oxidative activity among cells. In this study,
STZ caused hydropic degeneration and degranulation in
the cytoplasm of the degenerative cells in the pancreas. In
contrast, boron in a dose-dependent manner has been
shown to protect tissues of rats against STZ-induced cellular damage. Furthermore, boron was found to be more potent at 20 mg/kg/day than at other doses. Similarly, Coskun
et al. [31] showed that quercetin treatment protected the
majority of islets of Langerhans cells in STZ-induced diabetic rats. Nevertheless, light hydropic degeneration,
degranulation, and necrosis were observed in the remaining cells. The immunohistochemical examination showed
that pancreatic β-cells were destroyed by STZ, whereas
quercetin partially prevented degeneration of β-cells.
In conclusion, the results of this study demonstrate that
boron, in a dose-dependent manner, decreased oxidant status, DNA, and tissue damage in diabetic rats. The results
of this study show that the antioxidant effects of boron may
be due to its ability to increase the antioxidant defense system, inhibit DNA damage, and also protect cell proliferation in diabetic rats.
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Erythrocytes could be more sensitive to chemical
agents and STZ can bind DNA, and causes to damage that
may result in single-strand DNA breaks [25,26]. In this
study, STZ led to DNA damage in mononuclear leukocytes
and induced a high extent of DNA damage compared to the
control group. Mossman et al. [26] performed an in vitro
study showing that STZ-induced single-strand DNA
breaks in rodent cells (RINr 38). Similarly, Pettepher et al.
[27] demonstrated that STZ induced alkali-labile site
breaks in mitochondrial DNA. In contrast, boron alleviated
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